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Abstract 
Arguably the biggest challenge faced by the automotive lubricant industry is preventing 
degradation of their basestocks under the high temperatures and pressures found in an 
engine. The following investigation works towards establishing a relationship between 
base oil composition and oxidative stability. To achieve this model base oils, consisting 
of mono and binary mixtures of pure hydrocarbons, have been degraded under 
simulated automotive engine sump conditions using specially prepared oxidation test 
apparatus. The results from these degradations have shown that no one hydrocarbon 
class, paraffinic, naphthenic or aromatic, holds a greater stability towards oxidation than 
the others. Trends between hydrocarbon structure and hydrocarbon stability have been 
difficult to find, which has been concluded to arise from the very differing behaviour of 
paraffinic and naphthenic hydrocarbons. In addition, it has been shown that bulk 
properties are more useful at predicting oil stability than molecular structure descriptors. 
Analysis of the oxidative stability of binary mixtures has shown that there is a non-
linear dependence between oil composition and oil stability, with one hydrocarbon 
showing dominance in influencing the overall oxidative behaviour of the mixture. 
Although prediction of the dominant hydrocarbon could not be achieved, it has been 
shown that mono and bi-component systems have the same structure-stability 
relationships. By extrapolation, this finding validates the use of pure hydrocarbons as 
model base oils, a widely used concept in the field of hydrocarbon autoxidation. 
Along with an assessment of stability-structure relationships, the oxidation pathways 
observed in mono-component hydrocarbon degradations have been discussed in terms 
of major liquid phase oxidation product (LOP) distribution. The primary products of 
autoxidation in all hydrocarbon degradations have proven to be hydroperoxides, which 
are followed by varying amounts of mono-functionalised alcohols and ketones 
containing no breaking of the carbon skeleton. Predominant chain scission products for 
all hydrocarbons have been established to be; aldehydes, methyl ketones, alkanes, y-
lactones and carboxylic acids. One oxidation product species, unsaturated ring ketones, 
has been found to be unique to naphthenic autoxidation reactions. By reviewing 
proposed mechanistic routes from previous hydrocarbon autoxidations, it has also been 
possible to put forward a new pathway for the formation of methyl ketones - these are 
dominant chain scission products in the autoxidation of paraffinic hydrocarbons. 
To conclude this project, two industrial base oils were doped with pure hydrocarbons to 
a level of 20 % v/v and analysed with industrial bench tests to assess their stability. This 
experiment was undertaken to help in the further extrapolation and confirmation of the 
structure-stability relationships found in mono and bi-component systems. It was 
concluded that most of the stability bench tests were unsuitable for base oils that do not 
contain additive packages. However, it was possible to determine that straight chain 
paraffins improve the viscosity/ temperature characteristics of a basestock. 
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Chapter I. Introduction 
1.1 Preface 
Every piece of modern machinery reUes on having effective 
lubrication. From jet planes, one of the most polluting, to wind 
turbines, one of the greenest energy sources, effective lubrication 
is essential. Lubricant use has been recorded as far back as 1400 
BC by the Egyptians, who are depicted to put animal fat (tallow) on the wheel axis of 
their chariots.^ 
The biggest lubricant consumer is the motor vehicle industry. In 
2002 there were 590 million registered passenger vehicles on the 
roads worldwide.^ In today's society, when natural resources are 
running out and global warming has become a real and present 
danger, the motor vehicle industry has come under attack for its detrimental effects to 
the environment. This has enforced changes to the standard combustion engine, starting 
with unleaded petrol (1973), catalytic converters (1975), electric cars (1990), and 
continuing today with alternative fuel options; biodiesel and hydrogen. 
Every change to motor vehicle engines has to be met by the lubricant industry with new 
and improved products to ensure they are providing the most effective and efficient 
lubricant for the required task. What some people might consider a small change to the 
engine, the addition of a catalytic converter for example, will have a larger impact on 
the lubricant. In this specific case, phosphorus chemical additives had to be removed 
from the lubricant as they were found to be deactivating the converter and rendering it 
ineffectual.^ Other changes to the engine such as the type of fuel under combustion also 
have a significant impact on the lubricant. This is a result of the products of fuel 
combustion mixing with the lubricant and changing its previously optimised lubricating 
properties. 
The choice of motor oil lubricants today is overwhelming. Twenty years ago almost all 
lubricants were based on mineral oils refined from drilhng crude oil. Today synthetic 
lubricants are almost as prevalent as their mineral oil competitors; this is due to the 
reduction in cost of their production and rising oil prices. Most synthetic motor oils, just 
like mineral oils, are based on organic hydrocarbon molecules. The most common of 
which are polyalphaolefins (PAOs).'^ 
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Arguably the biggest problem in the lubricant industry is controlling the stability of 
their oil towards degradation. Therefore, the following research presented here is 
working towards increasing the knowledge of how lubricants degrade and establishing 
whether it is possible to predict a lubricant's stability performance from its molecular 
composition. This introductory chapter includes an examination of the literature 
concerning lubricant stability performance dependant on its base oil composition, as 
well as a review of the processes by which lubricants undergo degradation. 
1.2 Automotive Lubricants 
Lubricants are formulated from a base oil and a chemical additive package. The base oil 
forms the basis of the lubricant and is therefore essentially considered to be the 
lubricant. The base fluids are produced from refining crude oil (mineral oil), or from 
synthetic compounds such as polyalphaolefins. The purpose of the base oil is to provide 
a fluid layer to separate moving surfaces, remove heat, carry anti-wear agents around 
the engine and also carry away contaminants and d e b r i s . T h e y must therefore be 
stable to high temperatures and pressures, keep the optimal viscosity and solubilise 
organic and inorganic additives. The chemical additive package is designed to give 
extra control of these properties, and includes anti-wear agents, viscosity modifiers, 
detergents, metal deactivators, corrosion inhibitors, anti-foaming agents and 
antioxidants. 
1.2.1 Automotive Lubrication 
The major role of a lubricant is to reduce the friction and wear of the metal surfaces in a 
car engine.® Friction is the resistance to motion of one body in contact with another; it is 
proportional to the load but independent of the area of the sliding surface. There are two 
main types of friction (i) static friction, the force required to start sliding, and (ii) kinetic 
friction, the force required to maintain sliding. Kinetic friction is always lower than 
static friction and is independent of the sliding speed. Wear is defined as the physical 
loss of a material arising from the motion between two solid surfaces.^ 
As two metal surfaces come into contact the real area of intimate contact is very small 
compared to the surface area of the two metal objects. This is due to the pits and peaks 
on the metal surfaces, which are large when compared to molecular dimensions. The 
real area of contact is proportional to the magnitude of the applied load, as the pressure 
of contact deforms the peaks on the metal surface forming localised points of contact.^ 
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As sliding takes place all of the friction occurs over these small contact areas where 
local temperatures at these asperities can reach high values. Micro-structural changes 
may then take place, as under high temperature and pressures, the minute peaks in 
contact between the metals begin to soften and melt. Adhesion has been noted at these 
points of contact and frictional force has therefore been determined as the force required 
to shear these connections. 
Figure 1.1 Adhesive Wear. 
During the shearing process of the welded asperities by the sliding force of the two 
metal objects, scission does not necessarily have to take place at the exact point of the 
connection but can occur within the body of one material. This therefore causes physical 
loss, or wear, of one material but no overall wear to the entire system. This process is 
called adhesive wear (Figure 1.1) and is followed by a secondary process which 
encourages particles to break away. The release of coarse particles can lead to abrasive 
wear, a process by which a third body between the surfaces can sheer material from the 
opposing metal surfaces (Figure 1.2). Abrasive wear may also occur when one of the 
metal surfaces is harder than the other and can thereby cut into the softer metal (Figure 
1.3). 
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Figure 1.2 Abrasive wear by a third body. Figure 1.3 Abrasive wear when different 
metal hardness' are present. 
Lubricants are essential in reducing the friction and wear between metal surfaces. The 
two main methods of lubrication apparent in a motor engine are hydrodynamic 
lubrication and boundary lubrication. Hydrodynamic lubrication occurs when the two 
opposing metal surfaces are completely separated by a film of lubricant. In this scenario 
the friction is only related to the motion of the metal surfaces against the lubricant.^ It is 
therefore clear that a good lubricant should have a high enough viscosity to separate the 
metal surfaces, but also be fluid enough to reduce the friction or drag as the metal 
passes through the lubricant film. Boundary lubrication, on the other hand, occurs at 
higher pressures and lower sliding speeds. It is a process that concerns the formation of 
a physical layer on the surface of a metal that reduces friction and wear by minimising 
the adhesion of opposing asperities. The formation of these layers can occur by van der 
Waals forces or by chemical reactivity to the metal surface."^ 
Figure 1.4 Hydrodynamic Lubrication. 
Figure 1.5 Boundary film lubrication. 
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1.2.2 Lubricant Stability 
One of the major challenges in the lubricant industry is ensuring 
the stability of the lubricant under the high temperatures and 
pressures encountered in an engine over long periods of time.'" '^  
The degradation of the base oil by contact with atmospheric 
oxygen or blow by-gasses from combustion {e.g. NO*) causes 
Figure 1 6 significant loss of lubricant performance. The oxidation reactions 
Degraded oil (left) the hydrocarbon components in a base oil can lead to: (i) 
clean oil (right) formation of organic acids, which can lead to con osion of engine 
parts; (ii) formation of organic polymers to give sludge and 
resins, which can form a hard layer in the grooves of the engines piston rings and 
hamper performance; (iii) changes from optimal viscosity reducing the efficacy of the 
lubricant.'^ There are two main classes of lubricant oxidation in an engine; bulk 
oxidation (diffusion limited) and thin film oxidation (rate controlled). Bulk oxidation 
takes place in cooler areas of the engine (such as the sump) and is caused by attack of 
oxygen, blow-by-gasses and other materials generated during combustion. Thin film 
oxidation describes the class of reactions that occur in the piston zone, where 
temperatures and pressures are high and the residence time of the oil is quite short. 
In industry today lubricants are stabilised towards oxidation by the addition of 
antioxidants, which make up part of the chemical additive package^ There aie two main 
types of antioxidants in use in motor oil; hydroperoxide decomposers and radical 
scavengers. Hydroperoxides are the primary products of lubricant oxidation and their 
thermal decomposition induces further degradation by the release of free radicals which 
propagate oxidation. By decomposing hydroperoxides into non-radical products 
organosulphur and organophosphorus compounds have traditionally found their way 
into the chemical additive packages. The most widely used types of radical scavengers 
are phenolic and aminic antioxidants, which trap radicals through resonance 
stabilisation. A more in-depth discussion of these types of base oil stabilisation 
techniques will follow in subsequent sections (see sections 1.6.3 and 1.6.4). 
24 
Chapter 1. Introduction 
1.3 Base Oil Composition and Stability 
Base oils are complex mixtures which consist of various hydrocarbons obtained from 
the fractional distillation of crude oil. The API (American Petroleum Institute) has 
graded base oils dependant on their content and viscosity index, see Table 1.1.'^ 
Table 1.1 API base oil classifications. 
Group Saturates Sulphur Viscosity Index 
I <90% >0.03% >80 to < 120 
II >90% <0.03% >80 to <120 
III >90% <0.03% >120 
IV Polyalphaolefins (PAO) 
V All others not included above 
The hydrocarbons contained in a base oil can be summarised as coming from one of 
five main classifications; paraffins, olefins, naphthenes, aromatics and heteroatomics. 
The composition of the base oil is known to have a large impact on lubricant 
performance and stability.~°"^° The exact chemical composition of base oils is dependent 
upon the crude oil source from which it is refined, as well as the precise processing 
procedures used. Below is an outline of each hydrocarbon class, including a discussion 
of their desirable and detrimental properties when combined into a lubricant base oil. 
1.3.1 Paraffins and Olefins 
Paraffins include straight and branched chain alkanes; they have a relatively low density 
and viscosity for their molecular weight and boiling point. There are significant 
differences between the straight and branched chain alkane isomers. Linear alkanes 
show very little change in viscosity with temperature, a huge benefit in a lubricant base 
oil. However, their high melting points can cause them to crystallise out of solution as 
wax. On the other hand, branched alkanes have lower melting points but their 
viscosity/temperature characteristics are less ideal .Consequently, it is possible to find 
an optimal degree of branching which balances out an acceptable viscosity index with 
superior low temperature properties. Paraffins are also known to have good 
viscosity/pressure characteristics, be strongly resistant to oxidation and respond well to 
oxidation inhibitors. 32 
Base oils with high saturate concentrations (>99%) have been noted to have beneficial 
and detrimental properties. A negative consequence of a purely saturated base oil is a 
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greater viscosity increase upon oxidation than a base oil with an appreciable amount of 
aromatics/^ A large benefit in having a highly saturated base oil is less solid deposit 
formation during oxidation. Increasing saturate concentrations have also been found to 
increase the energy of activation of oxidat ion, thereby explaining the greater oxidative 
stabiUty of paraffins over naphthenic, aromatic and heteroatomic compounds. 
n-alkanes /so-alkanes 
Figure 1.7 Examples of paraffinic compounds in base oils. 
Olefins containing one or more double bonds are comparatively rare in crude oils, 
although some refining process can produce alkenes by cracking or dehydrogenation. 
Olefins are therefore sometimes found in formulated base oils. The presence of a double 
bond is known to reduce the oxidative stability of the hydrocarbon mixture ,a l though 
all other chemical and physical properties afforded to the base oil by this species remain 
equivalent to saturated branched paraffins. 
1.3.2 Naphthenes 
The naphthene class includes compounds containing one or more saturated rings of five 
or six carbon atoms, to which are attached one or more paraffinic side branches. They 
tend to have higher densities and viscosities for their molecular weight when compared 
with alkanes. They have low melting points and therefore do not crystallise out of 
solution, but have inferior viscosity/temperature characteristics.^' Alicyclics share many 
properties with branched alkanes including a better solvency for the additive package, 
although they are less stable to oxidation. This can be explained by the presence of 
tertiary carbon centres contained within their structure. Fused ring systems contain two 
tertiary centres that are less sterically hindered than the tertiary centres arising from 
alkane side chains. The lability of these hydrogens and the stability of the resulting 
tertiary alkyl radicals from hydrogen abstraction make these compounds less stable to 
the oxidative processes that occur in a car engine. 20 
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Figure 1.8 Examples of naphthenic compounds in base oils. 
1.3.3 Aromatics and Heteroatomics 
Aromatics are those compounds containing unsaturated rings, again with paraffinic side 
branches. The density and viscosity of these compounds are higher again than their 
naphthenic and paraffinic counterparts. Viscosity/temperature characteristics are poor 
but melting points are low. They also have the best solvency for the additive package. 
Figure 1.9 Examples of aromatic compounds in base oils. 
Heteroatomics can contain sulphur, nitrogen or oxygen within paraffinic chains or 
naphthenic rings. Within the boiling range of base oils almost all organosulphur and 
organonitrogen compounds are heterocyclic, however, the most common oxygen 
containing compounds are carboxylic acids. In practical terms it is extremely difficult to 
separate heteroatomic sulphur compounds from aromatic compounds, as most of the 
sulphur contained in the base oil is in the form of an aromatic heterocycle. The 
beneficial or detrimental effects of aromatic and sulphur compounds are, as a result, 
often discussed concurrently. Mineral base oils with a high aromatic and sulphur 
content are found to be partially protected against oxidation.^^' The addition of 
aromatics to a polyalphaolefin base oil was found to increase its resistance to 
oxidation.^^ 
Although sulphur compounds are used as oxidation inhibitors and they are found 
naturally in base oils to increase oxidative stability, under severe oxidative conditions 
they can have detrimental effects. In a study on the relationship of base oil composition 
to oxidative stabihty, it was noted that upon oxidation sulphur compounds form 
agglomerates, which increase the viscosity of a base oil.^ *^  An increase in sohd deposit 
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formation for base oils with higher sulphur and aromatic content was also reported. In 
this investigation it was shown that solid deposits were made up of the concentrates of 
aromatic and sulphur compounds that were initially soluble in the base oil. The 
identification of increased levels of sulphur in the insoluble oxidation products when 
compared with that of the initial oil has led the industry, in part, to remove as much 
sulphur from their base oils as possible. 
Dibenzothiophene Dialkylsulphide 
N 
H 
Alkylcarbazole Alkylhydrocarbazole 
Figure 1.10 Examples of heteroatomic compounds in base oils. 
1.3.4 Refining and Optimal Component Concentrations 
The chemical composition of a crude oil and hence a base oil will depend on the 
location of where it was drilled. Base oil manufacturers are for that reason required to 
consider if the crude oil source will yield material of a suitable boiling range, with the 
correct physical and chemical properties of a base oil, after the costly refining process 
has taken place. For example, both North Sea and Middle Eastern distillates have high 
paraffin content with good viscosity/temperature characteristics, but contain different 
levels of sulphur which will affect their natural stability, see Table 1.2."^  
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Table 1.2 Comparison of the chemical and physical properties of a range of distillates 
from various crude sources/ 
Crude Source 
North Sea 
(Forties) 
Middle East 
(Arabian) 
Nigeria 
(Forcados) 
Venezuela 
(Tia Juana) 
Viscosity at 40°C (cSt) 16 14 18 23 
Pour point (°C) 25 19 18 -48 
Viscosity index 92 70 42 10 
Sulphur (% wt) 0.3 2.6 0.3 1.6 
Aromatics (% wt) 20 18.5 28 21 
Chesnokov et al. investigated the solid deposit formation upon oxidation of various base 
oils prepared from different oil sources, to the same viscosity levels and depths of 
refinement?^ They have shown that solid deposit formation did not correlate to the 
composition of the base oil in terms of the amount of each hydrocarbon class present 
(Table 1.3). However, a dependency on the number of rings in the average molecule 
upon solid deposit formation was noted. The higher the average number of rings per 
molecule the more sludge was observed to be formed. Within this it was also 
determined that more solid deposits were formed with increasing aromaticity of the ring 
systems. 
Table 1.3. Solid deposit formation for four different base oils with the same viscosity 
levels and depth of refinements. 28 
Oils from crudes A B C D 
Amount of Sludge (mass %) 2.7 3.0 3.8 4.7 
Hydrocarbon Content (mass %) 
Naphthenic-Paraffinic 63^ 55.9 61.2 57.9 
Aromatic 35.4 41.7 37.0 38.7 
Resins 0.8 2.4 1.8 3.4 
During the refining process undesirable aromatic, sulphur, nitrogen and oxygen 
compounds are removed, yet not all aromatic and sulphur compounds are undesirable. 
The problem then becomes achieving optimal refinement.^® This task is made more 
difficult by having to consider the effect of the degree of refinement on several other 
physical properties. Polynuclear aromatics retard the rate of oxidation after the 
induction period, but they also contribute to sludge formation. Hence it is prudent to 
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have an optimal aromatic content. Optimal aromaticity has been widely studied, and is 
considered to be between 10 and 20 %,^ ®' however this only holds true when the 
sulphur content is between 0.005-0.070 In the presence of an iron catalyst, base 
oils with the highest aromatic and sulphur over paraffinic content were found to be the 
most stable to oxidation. Conversely when antioxidants were introduced, the order was 
reversed, showing that paraffins have the best response to the additive package. 
It can therefore be concluded that although aromatic and sulphur compounds give a 
natural resistance to oxidation by retarding the rate of oxidation at the post induction 
phase, they are unfavourable in a base oil's composition. This is due to their ability to 
form solid deposits and agglomerates, as well as interrupting the action of antioxidant 
additives. 
1.4 Hydrocarbon Autoxidation 
The process by which lubricant base oils degrade is hydrocarbon oxidation, which is 
known to be self-accelerating and is thus termed autoxidation. It is initiated by the slow 
reaction of the hydrocarbon with oxygen, and then leads to a phase of increased 
conversion until the process finally comes to a standstill. This is characteristic of a free 
radical reaction and as such consists of three main stages; initiation, propagation and 
eventually termination. Hydrocarbon autoxidation has been defined as a class of slow 
branching chain reactions which autocatalyse themselves by production of free radicals 
from the reaction of intermediary s p e c i e s . A n example of this is the homolytic fission 
of a hydroperoxide, ROOH, to yield two radicals RO* and 'OH. Liquid phase oxidations 
are assumed to have the following reaction mechanism. 
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Figure 1.11 Autoxidation of a hydrocarbon RH. 
The major and primary oxidation products from autoxidation are hydroperoxides 
formed via the H-abstraction of a peroxyl radical. The accumulation of hydroperoxides 
and their subsequent cleavage increases the concentration of reactive free radical 
species, which can start new chains of oxidation and promote the autocatalytic nature of 
these types of reactions. The rate of oxygen uptake over time for hydrocarbon 
autoxidation shows an induction period, a period of autocatalysis and a period of 
autoretardation. This can be directly related to the concentration of hydroperoxides in 
the system, Figure 1.12.'^ As hydroperoxide concentration reaches a maximum, 
autocatalysis occurs; here the rate of hydroperoxide decomposition is faster than the rate 
of hydroperoxide production. This reduces the concentration of hydroperoxides in 
solution and consequently the amount of free radicals. Therefore a period of 
autoretardation ensues. 
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Figure 1.12 Influence of hydroperoxide concentration on the rate of oxygen uptake over time; 
A = uptake of oxygen; B = hydroperoxide concentration.'® 
Due to the complexity of the autoxidation mechanism it is still under investigation today 
for varying types of systems. Lubricant, food and polymer industries are all concerned 
due to the reaction of their material with atmospheric oxygen causing the breakdown 
and destruction of their products. Other organic chemists are trying to harness and 
control the oxidation cycle to produce synthetically useful oxygen containing 
compounds from the rather inert hydrocarbon starting materials. 
The following section describes each step of hydrocarbon autoxidation. Standard 
nomenclature used in all subsequent equations is: R = CnHzn+i, Q = CnHon 
1.4.1 Initiation 
Initiation can occur via the abstraction of a hydrogen atom by: traces of catalytic 
transition metal ions (M), e.g. Co, Fe, V, Cr, Cu or Mn; radical initiators (I) e.g. 
peroxides or hydroperoxides, or in the presence of hght or ionising radiation (hv), 
exemplified in equation [1.1]. In the absence of any of these external initiators, radical 
oxidation is still observed in the presence of molecular oxygen at elevated temperatures, 
equations [1.2] or [1.3], all of which produce an alkyl radical via hydrogen abstraction. 
M, I, hv 
RH ^ R-
RH + O2 ^ R* + HO2' 
[ 1 . 1 ] 
[1.2] 
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2RH + O 2 2 R ' + HoO. [13] 
Initiation reactions without an external initiator are endothermic and their rate is slow; 
an induction period is observed before the onset of oxidation. The site of attack is 
determined by the strength of the C-H bond, the reactivity of which increases in the 
following order: 
R R 
\ 
< H C ^ C H < 
R^  
R H ^ R H R^ 
Primary Secondary Tertiary Allyl Benzyl 
Alkyl radicals can isomerise by intramolecular H transfer, the rate of which depends on 
the type of C-H bond being broken and the ring strain energy barrier involved/^ Across 
a straight chain paraffin, 6-membered rings give the least ring strain. Transfer onto a 
secondary centre will be more likely than onto a primary due to the lower C-H bond 
strength. 
1.4.2 Propagation 
Propagation of the radical chain reaction follows initiation primarily with the reaction of 
the alkyl radical and atmospheric oxygen to produce an alkyl peroxy radical. The larger 
the radical the more easily the radical is stabilised into its ground state following the 
3N-6 modes of vibration that will allow energy to be quickly dissipated over the entire 
molecule. Due to the large activation energy for the reverse reaction, equation [1.4] is 
thought of as irreversible at low temperatures. 
R' + Oz-^ROO' [1.4] 
The reactivity of an alkyl radical is high and so the reaction shown in equation [1.4] is 
very fast and dependent on the type of substituents on the carbon atom.^^ Reactivity 
increases following the order; 
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< HC J " < J H . < > 
R 
K R 
Primary Benzyl Allyl Secondary Tertiary 
Peroxy radicals can in turn abstract hydrogens from other hydrocarbon compounds via 
equation [1.5]. The rate of this reaction is slow and is dependent on the type of 
hydrocarbon under attack. Peroxy radicals have low reactivity and are therefore present 
in relatively high concentrations. They possess a low energy status reacting selectively 
to abstract tertiary hydrogens over primary and secondary hydrogens. The primary 
attack of a linear alkane is now accepted to occur at any of the secondary centres along 
the molecular backbone.'^° 
ROO* + R ^ H R O O H + [1.5] 
Theoretical investigations on various peroxyl radicals have found that peroxyls are n-
radicals with large dipole moments."^' The majority of negative charge resides on the 
inner oxygen atom, while the spin density is higher on the outer oxygen. C - 0 bond 
dissociation energy was also found to decrease with the degree of saturation on the 
adjacent carbon and increase with the stabilisation of the radical product from H-
abstraction. The reactivity of different C-H bonds during the H-abstraction from the 
bulk material by a peroxyl radical is known to follow bond strength. The rate of H-
abstraction has been found to decrease in the order of acylperoxy > HO2' > 
alkylperoxy."^^ Very little difference is seen between the chain length of the acyl or alkyl 
peroxy and their abstraction rates. 
Reactivity is also influenced by steric factors; primary and secondary peroxy radicals 
show 3-5 times higher reactivity than tertiary peroxy radicals."^^ A more favourable 
route for the peroxy radical hydrogen abstraction is intramolecularly across a chain 
length of 2-3 carbons as shown in Figure 1.13. 
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Figure 1.13 Intramolecular hydrogen abstraction by a peroxide radical. 
Reactions [1.4] and [1.5] form the basis of the chain propagation steps for hydrocarbon 
autoxidation. At oxygen partial pressures of greater than 100 Torr, reaction [1.4] is 
much faster than reaction [1.5]. This means that alkyl radicals (R*) are essentially 
scavenged and the overall reaction shows zero order behaviour in oxygen. Each 
occurrence of reaction [1.5] represents a "link" in the chain reaction. The kinetic chain 
length is the number of occurrences of reaction [1.5] per initiation event. It can be 
calculated as a ratio of the rate of propagation against the rate of initiation, assuming 
one initiation event starts only one chain. When the chains are long, destruction of the 
starting material occurs mainly via reaction [1.5], therefore the kinetic chain length can 
be related to hydroperoxide (ROOH) formation. 
When the oxygen partial pressures are low, reaction [1.4] starts to take control of the 
kinetics and first order behaviour in oxygen is apparent, hi this instance the free radical 
population becomes more complex and involves other types of radicals. This is thought 
to lead to a greater and more disperse number of oxidation products, reducing the 
selectivity of the oxidation reactions, as observed for the degradation reactions in a 
lubricant base oil. 
1.4.3 Chain Branching 
The propagation reactions for high temperature oxidations are the same as for low 
temperature oxidations, except that selectivity is reduced and reaction rates increased. 
Both the inter- and intra-molecular reactions of propagation engender a range of 
hydroperoxides. At low level concentrations they may be homolytically cleaved to 
produce an alkoxy and a hydroxy radical via equation [1.6]. This reaction is only 
significant at high temperatures due to the high activation energy needed to cleave the 
0 - 0 bond, approximately 30-40 kcal/mol. Hydroperoxides have also been observed to 
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decompose through a bimolecular reaction as their concentrations increase. Bateman et 
al. proposed the bimolecular decomposition of cyclohexyl hydroperoxide into a peroxyl 
radical, an alkoxyl radical and water as seen in equation [1.7].'*^ The bimolecular 
decomposition of hydroperoxides can also occur by collision with the bulk material, 
equation [1.8], as long as there is a sufficient hydrogen donor to form the intermediary 
hydrogen bonded complex,^^ see Section 1.6.1. These reaction have until recently been 
thought to be the major paths of chain branching in hydrocarbon autoxidation reactions. 
ROOH-> RO-+'OH [1.6] 
ROOH + ROOH ^ ROO' + RO- + HaO [1.7] 
ROOH + RH ^ ROO* + R ' + HzO [1.8] 
A recent and extremely detailed investigation into the autoxidation of cyclohexane by 
Hermans et al. has given substantial evidence for secondary product formation (alcohols 
and ketones) through the primary oxidation product CyOOH."^^ Previously the role of 
this molecule was thought to be solely homolytic fission to produce alkoxy and hydroxy 
radicals, equation [1.6].^^ Over the last five years Hermans et al. have proposed that 
alcohols and ketones can be produced by the a-H abstraction from the CyOOH 
molecule.'^ ^"'^ ^ This forms an unstable Cy_aH*OOH radical which decomposes quickly to 
form another CyOOH, Q = 0 and 'OH in a cage. The hot 'OH radical can abstract a 
hydrogen from any one of the CyH molecules which form the wall of the cage. At this 
point diffusion out of the cage can occur (Figure 1.14, path a) or reaction inside, to give 
[CyO* + CyOH + Q = 0 + H2O] (Figure 1.14 path b). They have reported that this 
cage reaction accounts for 70% of the CyOOH propagation flux, insisting that its high 
efficiency is due to the nanosized hot-spot generated by the large heat release in the aH 
abstraction from CyOOH and the subsequent hydrogen abstraction from CyH by 'OH. 
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C y O O . + CyOOH • {CyOOH + Q=0 + . O H f 8^'= 
I 
{CyOOH + Cy . + Q=0 + 
CyOOH + Cy* + Q=0 + HjO {CyO + CyOH + Q=0 + 
O2 I' 
CyOOH + CyOO* + Q=0 + H2O 
Figure 1.14 Propagation of cyclohexyl hydroperoxide as proposed by Hermans et alf'^ 
By the demonstration of the speed of the unimolecular O-O bond scission compared to 
the bimolecular reaction between CyOOH and Q=0, Hermans et al. have proved that 
the latter is much more efficient at producing radicals from intermediary products. This 
opens up the investigation of all hydrocarbon autoxidation reactions as their 
autocatalytic nature is now thought to be dependent on the newly proposed bimolecular 
reaction. 
At high temperatures the abundance of alkoxyl and hydroxyl radicals, products of 
hydroperoxide chain branching, means that they can perform non-selectively hydrogen 
abstraction [1.9] and [1.10]. Secondary and tertiary alkoxyl radicals are also seen to 
decompose to form aldehydes or ketones and alkyl radicals [1.11], via P-scission of the 
carbon skeleton. 
RG* + RH ^ ROH + R* [1.9] 
HO" + RH H2O + R* [1.10] 
R^R-R^CG- ^ R'C(=G)R^ + R^» [1.11] 
1.4.4 Termination 
After the period of autocatalysis comes a period of autoretardation, in which termination 
reactions dominate. The termination reaction between two coalescing radicals results in 
the creation of non-radical degradation products e.g. ketones and alcohols, consequently 
degradation becomes immobilised. The recombination of two peroxyl radicals has been 
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widely reported to be the major termination route for autoxidation reactions [1.12]. The 
rate of termination increases across the series; tertiary peroxy < secondary peroxy < 
primary peroxy. The formation of a tetraoxy transition state was first proposed by 
Russell for the direct production of alcohols and k e t o n e s , a n d which has been proven 
by kinetic^^, isotopic^' and product studies.^^ Other decomposition paths for the 
degradation of this transition state molecule have been proposed, as seen in equations 
[1.13] and [1.14].^^ 
ROz" + R02*—> ROOOOR ^ Inactivates [1.12] 
RO2' + RO2' ^  ROOOOR 2RO' + O2 [1.13] 
ROz" + R02* ^  R O O O O R R O O R + O2 [1.14] 
Other radical recombination reactions have been observed but due to their increased 
reactivity they are present in lower concentrations and therefore are the least 
predominant termination routes, equations [1.15] and [1.16]. 
2R«-^R-R [1.15] 
R* + ROO--> ROOR [1.16] 
Secondary hydroperoxides may also decompose unimolecularly to form a ketone and 
water, as shown in equation [1.17].^ "^ This reaction produces non-radical products, and 
so constitutes a termination path. Equation [1.17] again asserts the importance of cage 
reactions during autoxidation. 
ROOM ^ [RO- "OH]""^ " 0 = 0 + H2O [1.17] 
1.5 Pathways of Product Formation During Hydrocarbon Autoxidation. 
Hydrocarbon autoxidation is known to produce hydroperoxides as the primary oxidation 
products. The decomposition of these compounds leads to the release of free radicals 
into the system, which autocatalyse the oxidation reaction. From the reaction of the 
complex mixture of free radicals, hydroperoxides and bulk material, many different 
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non-radical oxidation products are produced. By understanding the pathways of 
formation for these products the complex mess of reactions that occur during 
autoxidation can begin to be untangled. This is of importance to the lubricant industry 
as progress continues in creating predictive models for base oil stability.^^' 
1.5.1 Production of Alcohols and Ketones 
Alcohols and ketones are thought to be secondary oxidation products as they can be 
formed directly from hydroperoxides, the primary oxidation product. In many 
autoxidation reactions hydroperoxides can be seen to accumulate initially then alcohols 
and ketone form simultaneously after a short period of time."^ '^ 
Alcohols can be produced in one of two main ways, via a propagation reaction shown in 
equation [1.18] or via a termination reaction shown in equation [1.19]. 
RO" + R H R O H + R' [1.18] 
R O O ' + R O O ' Q = 0 + ROH + O2 [119] 
The recombination of two peroxyl radicals, as shown in equation [1.19], occurs via a 
tetraoxy transition state shown in Figure 1.15, first proposed by Russell in 1957. 
R ^ l h H " II 
H _ H.V t o ^ O O O O 
.j<: J<: .J<: ,R 
R" R" R R" ^R 
Figure 1.15 Mechanism of alcohol and ketone formation from the collision of two peroxyl 
radicals."'' 
Other routes to alcohol production are less predominant due to the probability of 
collision between the two reactant molecules. Reaction [1.20] occurs via a H-abstraction 
from the hydrogen attached to the terminal oxygen in an hydroperoxide,whereas 
reaction [1.21] occurs via an OH-abstraction as proposed by Hermans et 
RO' + ROOK ROM + ROO» [ 1 20] 
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R ' + ROOH ^ ROH + RO' [1.21] 
Along with the Russell mechanism, ketones can be formed via the oxidation of alcohols. 
Puchkov et al. found that cyclohexanone was by far the major oxidation product of 
cyclohexanol oxidation.®^ The major path of ketone production was identified as the 
elimination of HOO* from 1-hydroxycyclohexylperoxy radical. 
Initiator O? 
• 
Figure 1.16 Ketone production from an alcohol as proposed by Puchkov et al.^^ 
Ketones may also be produced from the ^-scission of a tertiary alkoxy radical, equation 
[1.11]. A study by Kochi has shown that the most important factor which determines the 
rate of fragmentation is the bond disassociation energies of the fissionable substituents. 
The rate of fragmentation follows the order: benzyl » ethyl > n-propyl > n-butyl » 
methyl.^^ 
1.5.2 Production of Aldehydes. Carboxvlic Acids and Peracids 
The formation of aldehydes, carboxylic acids and peracids all involve chain scission of 
the carbon skeleton. Aldehydes are found in low concentration in the previously 
reported autoxidation reactions of pure hydrocarbons. This is accounted for by the 
extremely labile a-hydrogen, which will undergo fast abstraction from the complex 
mixture of free radicals found in the system. The major route to their production is from 
the |3-scission of a secondary alkoxyl radical, shown in Figure 1.17.^^'^^ 
O* O 
+ R ' . 
R R' R H 
Figure 1.17 Aldehyde formation from the ^-scission of an alkoxyl radical. 
The production of carboxylic acids has been proposed by Hammond et al. to occur via 
the mechanism shown in Figure 1.18.®^ Evidence for the final step of the reaction 
between a peroxyacid and an aldehyde has been given by Almquist and Branch. 
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R ^ ^ ^ R 
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O 
O HO. ,R' O ,R' O 
U L : T - f ^ o - * I 
R' 
Figure 1.18 Production of carboxylic acids from ketones as proposed by Hammond et al. 66 
Previously, the mechanism of carboxylic acid formation was thought to occur via an 
a,y-cleavage reaction of an a,y-hydroperoxy ketone as shown in Figure 1.19.^^ To date, 
the mechanism of carboxylic acid production during the autoxidation of hydrocarbons 
has not been proven either way, and it is possible that both mechanisms occur during 
this complex radical process. 
O OOH 
R ^ ^ R ' HO, 
' R 
0 — 0 
R 
O O 
X ' X 
R OH ^ ^ R 
•O O' 
Figure 1.19 Production of carboxylic acids as proposed by Jensen et al. 63 
Peracids are reactive species that, like aldehydes, are either not detected in hydrocarbon 
autoxidation or are only detected in very small quantities. As seen in Figure 1.18, 
peracids are sometimes considered to be an intermediary species in the formation of 
carboxylic acids. Their exact formation is given in more detail in Figure 1.20. 
O 
. A 
ROO" 
-ROOH 
H R 
O J. On O 
R 
RH. 
-R" 
0 0 • 
O 
A OOH 
Figure 1.20 Formation of peracids. 
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Carboxylic acids can also be produced by the homolytic cleavage of peracids, shown in 
equation [1.22], or by OH transfer, equation [1.23]. 
2EH 
RC(=0)00H -4. RC(=0)0» + • OH RC(=0)0H + H^O 
RH 
R C ( = 0 ) 0 0 H + R- ^ RC(=0)0 ' + ROH RC(=0)0H + ROH 
[1.22] 
[1.23] 
1.5.3 Production of Esters and Ethers. 
Esters have been found in many hydrocarbon autoxidation reactions, however, the 
pathway of their formation has remained elusive. A recent review has been published on 
ester formation in the oxidation reactions of saturated hydrocarbons by Perkel et al.^^ In 
the past many theories of ester formation were proposed. They include; the oxidation of 
a ketone by a peracid (the Baeyer-Villiger reaction)^' (Figure 1.21), the esterification of 
alcohols (Figure 1.22), the homolytic rearrangement of a-ketohydroperoxides^° (Figure 
1.23) and the oxidation of ketones by hydroperoxides or peroxyl radicals analogous to 
the Baeyer-Villiger r eac t ion .Al l these pathways were able to qualitatively explain the 
formation of some of the ester compounds detected in autoxidation reactions but were 
not sufficient to explain their rate of accumulation. 
O O O O 
R^ 
+ + 
R^ R 'OOH R" 
Figure 1.21 Ester formation from the Baeyer-Villiger reaction. 
OH 
R^ 
O 
+ ^ O H -H2O 
R2 
OOH 
O 
Figure 1.22 Ester formation from the esterification of an alcohol. 
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Figure 1.23 Ester formation by rearrangement of an a-ketohydroperoxide. 
One of the problems of detecting the correct pathway of ester formation is that 
hydroperoxides, a-ketoalcohols, P-lactones, P-diketones and p-ketoacids all effect the 
saponification number during their titrometric analysis. This leads to inaccurately high 
results. 
Lactones were found to be the major products of the oxidation of n-hexanal when 
subjected to lengthy reactions whilst heating under a stream of air at 70°C for 2 days.^' 
The mechanism proposed by Palamand and Dieckmann is shown in Figure 1.24. 
. O H 
O OH 
R 
-HoO 
, 0 H 
- H , 0 
R. . 0 ^ 0 
Figure 1.24 Production of P- and y-lactones as proposed by Palamand and Dieckmann.^ 
One method of cyclic ether formation is reported by Jensen et al in their study on the 
autoxidation of hexadecane, as shown in Figure 1.25.^^ Where n=2 the rate of this 
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reaction was found to be faster than the competing oxygen addition, however when n=l 
the rates were found to be comparable. 
OOH 
R' + • O H 
Figure 1.25 Production of cyclic ethers as proposed by Jensen et al. 72 
Ethers may also be produced from the recombination of an alkyl and an alkoxyl radical, 
shown in equation [1.24]. However, the concentrations of these radical in solution is 
low due to their reactivity, which lowers the probability of collision between these two 
species. 
RO- + R- ^ ROR [1.24] 
1.5.4 Production of High Molecular Weight Products and Solid Deposits 
During hydrocarbon autoxidation it has been noted that viscosity will increase as the 
reaction proceeds. This is due to the polycondensation of oxygenated products forming 
high molecular weight material. Further polycondensation and polymerisation reactions 
will eventually lead to products which are no longer soluble in the liquid hydrocarbon 
and precipitate out as a solid phase oxidation product (SOP) or sludge. The formation of 
the high molecular weight intermediates is thought to occur by an Aldol condensation 
reaction (Figure 1.26).''^ 
(or base) 
Acid » 
-HoO 
Figure 1.26 Formation of high molecular weight intermediates via an Aldol condensation. 
Most studies on SOP formation has centred on the kinetics of formation and the 
composition of SOPs in jet fuel stability studies. A few reports on proposed precursors 
to SOPs or identification of antagonistic additives have been published.^^'^^"^^ The 
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literature agrees that solid deposits are formed in higher concentration when aromatic 
rings are present and that they contain more oxygen atoms than the degraded liquid oil. 
1.6 External and Environmental Effects on Hydrocarbon Autoxidation 
Autoxidation is the process whereby the hydrocarbons contained within a base oil 
degrade. There is much ongoing research into controlling and inhibiting autoxidation so 
as to reduce lubricant degradation. To this end there are also many studies on the factors 
that affect the autoxidation process, whether they are consequential to the oxidation 
mechanism or external antioxidant additives. Below is an outline of the major external 
and envirormiental factors that affect hydrocarbon autoxidation and a discussion of how 
they might be used to diminish lubricant degradation. 
Hydroperoxides are the primary oxidation product of all hydrocarbon degradation 
reactions; they are formed by H-abstraction of a peroxyl radical from the bulk material. 
They also contribute significantly to the propagation of these reactions via chain 
branching, see section 1.4.3. One of the most effective ways of inhibiting autoxidation 
is to decompose hydroperoxides into non radical products. The lubricant industry mixes 
hydroperoxide decomposers into their base oils for this purpose, which along with 
radical scavengers form the main type of antioxidants found in a formulated lubricant. 
The rate of hydroperoxide decomposition is also affected by environmental changes to 
its surroundings, which is an inevitable consequence during the oxidation of the bulk 
material. 
1.6.1 Hvdrogen Bonding 
The oxidation products produced from the autoxidation of hydrocarbons include 
alcohols, ketones, aldehydes, carboxyhc acids and esters. All of these oxygenated 
compounds, as well as hydroperoxides themselves, have the ability to form complexes 
with hydroperoxides through hydrogen bonding. It has been found that the rate of 
hydroperoxide decomposition in the presence of oxygen containing compounds is 
accelerated over that of free hydroperoxides.^^' It has been suggested that this is a 
result of the weakening of the O-O bond and as such results in the increased production 
of free radical products. The activation energy for unimolecular decomposition has been 
found to lower with increasing enthalpy of the hydrogen bond in the hydroperoxide 
complexes.'^ 
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This is of course a detrimental consequence of autoxidation and only leads to an 
escalation of the autocatalytic nature of hydrocarbon degradation. However, hydrogen 
bonding also affects other areas of the autoxidation process and not solely in a negative 
light. For example, hydrogen abstraction of alcohols has been shown to be retarded by 
the hydrogen bonding of two hydroxyl compounds or by the hydrogen bonding of a 
peroxyl radical with hydroxyl compounds.^^ Also, intramolecular hydrogen bonding of 
a-hydroxycycloalkyl hydroperoxides has been observed to stabilise the hydroperoxide 
toward decomposition.^® Another positive aspect of hydrogen bonding is the 
deactivation of hydroperoxyl and alkylperoxyl radicals by compounds such as water, 
alcohols and carboxylic acids. However, this effect was only observed for alkylperoxyl 
radicals when they contained a (3-substituent such as hydroxyl, carbonyl, alkoxyl or 
79 
amino. 
1.6.2 Viscosity Changes 
Solvent cages are of extreme importance when studying hydrocarbon autoxidation. 
Whilst looking at base oil degradation, the "solvent" of the oxidation reactions is the 
base fluid. It follows that any viscosity changes during autoxidation will affect the 
release of oxidation products from the cages formed during exothermic oxidation 
processes. The homolytic cleavage of the O-O bond in a hydroperoxide forms an 
alkoxyl and a hydroxyl radical inside a solvent cage, equation [1.25]. Therefore if the 
viscosity of the solvent or base fluid increases, the rate of hydroperoxide 
decomposition, via this pathway, will decrease. This is because the geminate radicals 
will find it more difficult to diffuse from the solvent cage, preferring to recombine 
inside the cage.^^' 
ROOH [RO* •OH] -> RO' + -OH [1.25] 
Viscosity increase is a well noted effect of hydrocarbon autoxidation due to the 
polycondensation of oxygen containing compounds produced during oxidation. Base 
oils have optimised viscosities to afford effective lubrication, any changes to the fluid 
flow properties of a lubricant is disadvantageous. However, the impediment to radical 
diffusion out of solvent cages by viscosity increase gives a minor inhibiting effect to 
autoxidation. 
46 
Chapter I. Introduction 
1.6.3 Acid Catalysis of Hydroperoxide Decomposition. 
Hydroperoxide decomposition has been noted to be catalysed by a c i d s , w h i c h 
switch decomposition products from radical to ionic species. This has led the lubricant 
industry to induce acid catalysed hydroperoxide decomposition by the inclusion of 
organosulphur compounds into their chemical additiye package. The action of 
hydroperoxide decomposition by organosulphur compounds is threefold. Firstly, they 
can reduce hydroperoxides into alcohols as shown in equation [1.26]. Secondly, the 
resultant sulphoxide can form sulphenic acid, via thermolytic cleavage shown in 
equation [1.27], which further reduces a second hydroperoxide molecule into an 
alcohol, equation [1.28]. Thirdly, the resultant sulphinic acid catalyses ionic 
hydroperoxide decomposition. 
RzS + ROOH ^ RzS^O + ROH [ 1.26] 
O R' [1.27] 
A 
< R — S — R RSOH + 
R' 
RSOH + ROOH ^ RSOzH + ROH [1.28] 
The mechanism of acid catalysed ionic hydroperoxide decomposition is detailed below 
in equations [1.29] to [1.33], as proposed by Andreozzi The decomposition 
occurs via C - 0 bond cleavage, equations [1.29] to [1.31], or O-O bond cleavage, 
equations [1.32] and [1.33], depending on the position of attack by the proton. Equation 
[1.32] involves the migration of an alkyl group, which has been proven to occur for R = 
H, Me and Et.^^ 
R 3 C - O - O - H + H+ R3C O O H ^ + H2O2 
H 
hCRg + R 3 C - O - O - H R 3 C - O - O - C R 3 [1.30] 
H 
R3C O O CR3 R 3 C - O - O - C R 3 + H+ [131] 
H 
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R 3 C - O - O - H + 
R2C—O—R + HgO 
R 3 C - O - O - H 
I 
H 
R . C - O - R + H9O [1.32] 
R 2 C = 0 + R - O H + H+ 
[1.33] 
Ionic acid catalysis of hydroperoxide decomposition is obviously beneficial for 
lubricant stability, it is promoted by tertiary oxidation products and so will retard 
autocatalysis. 
Acid catalysed radical decomposition of hydroperoxides has also been noted. Ketones 
and aldehydes were found to accelerate the acid catalysed radical decomposition of 
hydroperoxides by formation of semiperketals and semiperacetals.®^ As carbonyl groups 
are also products of hydrocarbon autoxidation it is considered that this process could 
occur during base oil degradation, see Figure 1.27.^° In this mechanism an acid 
promotes the formation of a protonated enol from the ketone. The ketone reacts with a 
hydroperoxide to form a semiperketal, which can react with the protonated enol to from 
radical decomposition products and a protonated alcohol. 
O 
R 
R^ 
OH 
R 
OH9 
R 
.R^ 
O 
R] R 
2 + R^OOH 
OH 
R 
OH . 
R^0H2^ + 
Figure 1.27 Action of ketones on the acid catalysed decomposition of hydroperoxides as 
proposed by Petrov and Solyanikov. 90 
The carbonyl induced acceleration of acid catalysed decomposition of hydroperoxides is 
seen as a negative consequence of autoxidation as it can promote the autocatalytic 
nature of these types of reactions by increasing the rate of formation of free radicals. 
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1.6.4 Heteroatomics as Antioxidants 
In the lubricant industry, specific additives are incorporated with the base fluid to 
decompose hydroperoxides into non-radical inactive products and thereby terminate 
chain reactions. The most commonly used hydroperoxide decomposers are 
organosulphur and organophosphorus compounds. The mechanism of organosulphur 
hydroperoxide decomposition has been detailed above in section 1.6.3. 
Sterically hindered phenols are a type of radical scavenging antioxidant. They are able 
to undergo electron transfer from a peroxy radical and by resonance stabilisation form 
an unreactive product, equations [1.34] and [1.35]. Phenols need to be sterically 
hindered to stop the reverse reaction of [1.34] occurring. The optimum protection is 
achieved when R = f-Bu. The resonance stabilised phenoxy radical can react with a 
further peroxyl radical as shown in equation [1.35]. 
OH 
+ ROO' ROOH + 
R-
+ ROO' 
O 
[1.34] 
R 
OOR 
[1.35] 
Secondary aromatic amines are also common radical scavengers included in the additive 
package in an attempt to stop lubricant degradation. They can react analogously to 
phenols via equation [1.34], but have the added advantage that they can also deactivate 
three more peroxyl radicals, detailed below in Figure 1.28. 
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Figure 1.28 Action of secondary amine radical scavengers. 
1.7 The Role of Metals in Hydrocarbon Autoxidation 
1.7.1 Catalytic Acceleration 
Lubricant base oils are contaminated with low levels of metal ions (100 ppb or less Cu) 
from direct contact with the solid metal in a car engine. The two most prevalent metal 
contaminants are iron and copper, which greatly accelerate the hydrocarbon oxidation. 
The dissolved transition metals ions cause acceleration by catalysing the initiation step 
of hydrogen abstraction from the bulk material, [1.36].^' 
• • E H 
M""- + O2 ^ [M"+---0—O] M""" + HOO- + R' [1.36] 
They can also increase the free radical concentration of a system by catalysing 
hydroperoxide decomposition, as shown in equations [1.37] and [1.38].^^ These 
oxidation/reduction reactions are thought to occur by first forming a metal 
hydroperoxide complex followed by electron transfer to form free radicals.^^"^^ The 
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presence of transition metals like copper, cobalt or manganese are so damaging to a 
base oil because they can covert between two oxidation states with comparable ease. 
Therefore, very small amounts of these metals can form a catalytic process that can 
decompose large amounts of hydroperoxides. This is unlike other transition metals such 
as divalent iron, which is a strong reducing agent and so [1.37] would predominate, or 
tetravalent lead, which is a strong oxidising agent and so [1.38] would predominate. In 
these instances hydroperoxide decomposition has a stoichiometric rather than catalytic 
relationship to the metal. 
ROOH + M"+ ^ RO + +0H" [1.37] 
ROOH + ^ ROO- + + H+ [1.38] 
Although equations [1.37] and [1.38] are most commonly used in the literature to 
describe metal catalysed hydroperoxide decomposition, a more useful scheme is 
presented below in Figure 1.29, adapted from a review of cobalt(II)-catalysed 
hydroperoxide decompositions by Houghton and Rice.^^ It is thought that the initial 
metal hydroperoxide complex A involves the coordination of the terminal, rather than 
inner, oxygen due to steric effects. Elimination of an alkoxyl radical produces a metal 
hydroxide B that can further react with a hydroperoxide molecule to produce water^^ 
and an alkylperoxy metal complex C. This step involves ligand exchange at the (n+l)+ 
metal centre, which in the case of cobalt, manganese and iron is 3+, and therefore 
unfavourable. However it can be promoted by the presence of any 2+ metal centres in 
these systems. The alkylperoxy metal complex C can decompose to release a peroxyl 
radical and reform the starting metal catalyst. It has also been observed that when this 
complex has been isolated and heated gently it can homolytically cleave to form 
complex D and an alkoxy radical.^^ 
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O - O R 
ROOH 
n+ M' 
-ROO 
+ R 0 0 * 
— O O R 
c I 
-RO-
]V[(n+l)+ Q . 
D 
B 
ROOH 
HnO 
M " + = 0 
Figure 1.29 Metal catalysed decomposition of hydroperoxides. 
The reaction cycle shown in Figure 1.29 is consistent with equations [1.37] and [1.38] 
in that overall, the cycle and the equations, both produce ROO*, RO* and H2O from two 
molecules of ROOH. However, some studies have shown that the initial reaction of 
cobalt(II) acetylacetonate,^^ cobalt(n) acetate,^ and cobalt(II) stearate'°° does not have 
the stoichiometry of equation [1.37]. From these investigations the decomposition of the 
metal hydroperoxide complex A has been suggested by Houghton and Rice to occur via 
a 1,2-shift of the hydroperoxide proton and coordination of the deprotonated oxygen 
with a second metal centre, Figure 1.30.^ ® The rapid elimination of alcohol from 
complex E is thought to be due to the extremely weak 0 - 0 bond, and leads to a )j.-oxo 
complex F. The process shown in Figure 1.30 has been shown to be very fast, the rate 
being increased in non-polar s o l v e n t s . T h i s process produces no radical species and 
therefore Houghton and Rice predict that it is complex F that is the active 
decomposition species toward the hydroperoxides. Although this procedure has not 
been identified with any other metal apart from cobalt(II), it could be that similar metals 
such as manganese, which can switch between +2 and +3 oxidation states may follow a 
similar path. 
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R 
H 6+—H 
— O - O R , - C o ^ ^ O — • Co2+ C o ^ O — Co^+ 
A E F 
Figure 1.30 Decomposition of metal hydroperoxide complexes as suggested by Houghton and 
Rice.'® 
1.7.2 Catalytic Suppression 
Deliberately added copper salts (60-2000 ppm Cu) and other transition metals have 
been found to suppress hydrocarbon oxidation in low polarity m e d i a . T h i s 
phenomena had previously puzzled some chemists as the metals abruptly change from 
catalysts to inhibitors as their concentration increased. Knorre et al. catalysed the 
autoxidation of n-decane with copper stearate at 125°C. As the catalyst concentration 
increased up to 0.060 mol % the induction period gradually decreased, measured in 
minutes. At a catalytic concentration of 0.065 mol % the reaction had virtually stopped 
and the induction period was measured as 15 hours. 
The most widely accepted cause of this abrupt change from catalyst to inhibitor for 
some transition metals is the equilibrium concentration of the free uncomplexed metal 
ions in solution. The transition metal ions catalyse the decomposition of hydroperoxides 
by direct complexation to them as shown in equations [1.39] to [1.42].^^^ '"^ This leads 
to increased concentrations of free radicals causing acceleration of hydrocarbon 
oxidation. If the total concentration of the metal is increased the equilibrium 
concentration of the uncomplexed metal ions would remain low as long as the total 
metal concentration is less than that of the hydroperoxides. However, if the total metal 
concentration is raised above that of the hydroperoxide concentration, then the 
equilibrium concentration of the unbound metal ions is also increased. Inhibition of 
hydrocarbon oxidation occurs by the reaction of uncomplexed metal ions with peroxy 
and alkyl radicals via the two equations [1.43] and [1.44]. As the equilibrium 
concentration of the unbound metal ions increases these reactions become more 
predominant and effectively catalyse the termination of radical chains. 
M"+ +ROOH ^ (ROOHM)"^ 
(ROOHM)"^ RO' + + OH" 11 -40] 
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M(n+i)+ ^ ROOH ^ (ROOHM)("+')+ [I ' l l ] 
(ROOHM)("+')+ RO2' + M"+ + H+ [1-42] 
ROz" + M"+ —> + inactivates [1-43] 
R« + M"+ + inactivates [ 1 44] 
The discovery of the phenomenon of Cu(II) induced suppression of autocatalysis has 
led the lubricant industry to include organocopper compounds into the lubricant additive 
package. 
1.8 Conclusions 
Lubricants are a vital part of modern life and are used to reduce the friction and wear 
between two moving surfaces. A lubricant is made up of a base oil and an additive 
package, that includes a range of products to increase the stability and efficacy of the 
finished lubricant. This project is concerned with the stability of lubricant mineral oil 
base oils of high saturate content. Base oil composition is dependent on the location of 
drilling and the precise processing procedures used to produce a fully formulated base 
oil. The composition of a base oil has been shown to affect its stability. Most of the 
major findings so far have been related to aromatic and sulphur content, which has been 
observed to increase the amount of solid deposits formed during the degradation 
process. 
Autoxidation, the process by which a base oil degrades, is a complex issue. Many 
investigations have been undertaken to resolve the mechanistic pathways of 
hydrocarbon oxidation in an attempt to better optimise the additive package or increase 
the success of a base oil. Hydrocarbon autoxidation is a free radical process which can 
auto-catalyse itself by the ability of intermediary reaction products to further propagate 
the system by the production of free radicals, e.g. the homolytic cleavage of 
hydroperoxides into an alkoxyl and a hydroxyl radical. The major oxidation paths for 
hydrocarbon autoxidation have been presented. 
External and environmental factors greatly affect the autoxidation process. Hydrogen 
bonding, viscosity changes and acid catalysis have all been shown to have beneficial 
and detrimental effects upon base oil stability. All of these factors interact with 
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hydroperoxides and can accelerate or suppress their decomposition. It has also been 
shown that some naturally occurring heteroatomics are useful antioxidants. 
Lubricant base oils are never free from low levels of transition metal ions as the 
lubricant moves around the engine. Transition metal ions are known to catalyse the 
initiation of autoxidation, using their ability to switch rapidly between oxidation states. 
However, once their role as radical chain initiators has become redundant, their effect 
on the resulting process of autoxidation, specifically their interaction with oxidation 
product species, has been left largely univestigated. At low concentrations they have 
been found to accelerate autoxidation, whilst at high concentrations they have been 
found to suppressed autoxidation. This phenomenon has been concluded to be 
dependent on their interaction with hydroperoxides and peroxyl radicals in the system. 
1.9 Aims 
It is the aim of this project to develop a method for the investigation of how the 
composition of a base oil affects its stability. This will be achieved by using model base 
oil systems; mono and binary mixtures of hydrocarbons oxidised under simulated 
engine sump conditions. By assessing a range of hydrocarbon structures and measuring 
the stability of these systems it is considered that an extrapolation could be made to 
more complex systems. To aid this, two fully formulated base oils will be doped with 
pure hydrocarbons and analysed by industrial stability bench tests. This will allow the 
degradative changes to be related directly to calculable compositional changes. 
It is also the aim of this project to determine how a hydrocarbon's structure affects the 
major oxidation products and degradation pathways that occur during autoxidation. 
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2 Experimental 
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2.1 Introduction 
The first step of this endeavour was the design, implementation and optimisation of an 
oxidation test apparatus, to be used as a standardised measure of the stability of all 
hydrocarbons studied in this project. The details of the apparatus design and 
optimisation are reported here along with any analytical protocols used. The 
optimisation of reaction conditions, which include temperature, oxygen flow rate and 
catalyst concentration, were carried out using two structurally different hydrocarbons, 
decane and decalin (synonym; decahydronaphthalene). The discussion contained within 
this section is limited to the assessment of the oxidation test apparatus, a more detailed 
discussion of the oxidation pathways of these two hydrocarbons can be found in 
Chapters 4 and 5. The optimisation experiments also serve to introduce the analytical 
concepts and procedures used throughout subsequent chapters of the thesis. 
2.2 Autoxidation Apparatus 
W a t e r 
Cold Trap 
Oxygen 
Figure 2.1 Oxidation test apparatus. 
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The apparatus setup for the autoxidation reactions was closely based on that reported in 
the Institute of Petroleum IP306/94 protocol (see Figure 2.1)."° All autoxidations were 
carried out in a 55 ml Pyrex glass reaction vessel containing 20 ml of the relevant 
hydrocarbon or hydrocarbon mixture. Oxygen was passed into the reaction vessel via a 
sintered disperser of grade 0 porosity at a constant flow rate regulated by a Glass 
Precision Engineering (GPE) flow-meter. During the course of the reaction the vessel 
was maintained at a constant temperature by a circulatory oil bath. The reaction vessel 
was fitted with a water-cooled Graham condenser to minimise the loss of any volatile 
by-products. The exhaust from the condenser was then passed through an empty 
Dreschel flask, a water trap and finally a cold trap maintained at -78°C. The initial 
empty trap was used to prevent any suck back of water into the reaction vessel. The 
water trap was used to trap any volatile acids or other aqueous-soluble oxidation 
products, with any additional products being collected in the final cold-trap. No 
identifiable products were collected in any of these traps and therefore they are not 
discussed further in this report. 
Unless otherwise stated, standardised reaction conditions were 150 °C with oxygen flow 
rate of 60 ml min ' \ 
2.3 Analysis Techniques 
2.3.1 Analytical Protocol 
All analytical procedures relating to the analysis of a specific hydrocarbon under 
autoxidation are summarised in Figure 2.2, and are explained in more detail in sections 
2.3.2 to 2.3.4. 
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Figure 2.2 Analytical Protocol. 
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2.3.2 Viscosity Measurement 
The viscosity of each hydrocarbon starting material was measured by SGS UK Ltd." ' 
following the ASTM D445 procedure. 
2.3.3 Aniline Point Measurement 
The aniline point of each hydrocarbon starting material was measured by SGS UK 
Ltd. ' " following the ASTM D611 procedure. 
2.3.4 Oxidation Parameters 
A range of oxidation stability parameters were calculated in order to assess the degree 
of oxidation of each hydrocarbon under analysis: 
Induction time (IT) - the period of time before the onset of autocatalysis, see Figure 
1.12. These values were calculated using the Betts tangential method."^ 
Rate constant of autocataly sis (kac) - the rate constant for the decomposition of the 
hydrocarbon (RH) into products (A + B + ...). 
k 
RH —^  A -r B — ... 
These values were obtained by plotting the natural log of the concentration versus time, 
and using linear regression through the period of autocatalysis, see Figure 1.12. 
ln[RH] = -kt -r c 
Rate constant of autoretardation (kar) - a secondary rate constant for the decomposition 
of the hydrocarbon (RH) into products, only observed in profile type 2 oxidations (see 
below) 
These values are calculated as shown above for the rate constant of autocatalysis, 
however linear regression is used through the period of autoretardation, see Figure 1.12. 
Percentage Conversion to LOPs (%LOP_t) - the amount of conversion to liquid phase 
oxidation products a hydrocarbon has undergone associated with a specific time point. 
The total concentrations of LOPs were obtained by measuring the decrease in 
concentration of the starting material and are plotted with sigmoidal SGompertz curves 
using Microcal Origin (Version 6.0, Microcal Software Inc., Northampton MA, USA) 
to guide the eye. 
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Degradation Profile - the shape of the degradation profile of each oxidation reaction. 
Degradation profiles are graphical representations of the percentage conversion to LOPs 
versus time. These plots are used to calculate the induction time and rate constants for 
all oxidation reactions. The shapes of these profiles are noted to differ for various 
hydrocarbons, and therefore are assigned as either type 1, 2 or 3, exemplified in Figure 
2.3. Type 1 profiles show a linear increase in the percentage conversion to LOPs over 
the entire extent of the reaction. Type 2 profiles show a marked decrease in the rate of 
conversion at a specific time point. This is the point of autoretardation and is marked 
with an ® in Figure 2.3. Type 3 profiles show that the rate of conversion to LOPs has 
reached zero and signifies that the concentration of LOPs has reached an equilibrium 
limit where their rate of production is equal to their rate of decomposition. 
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Figure 2.3 Example of the types of profiles found for the degradation profiles of the 
hydrocarbon library. 
2.3.5 Individual LOP Concentrations 
Oxidation products were identified by GC-MS using a VG AutoSpec-Q mass 
spectrometer fitted with a Hewlett-Packard 5890 gas chromatograph; SGE BPX5 
column, length 25 m, LD. 0.22 mm, film thickness 0.25 p.m, and also by retention time 
comparisons with commercially available authentic compounds. 
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Quantitative analysis of the LOPs was carried out on a Hewlett-Packard 5890 GC fitted 
with an Agilent 6690 autosampler and a flame ionization detection (FID) system. The 
oxidation products were separated on a SGE forte BPl capillary column, length 25 m, 
I.D. 0.22 mm, film thickness 0.25 )j,m. Quantification was achieved using authentic 
materials and octanol or decane as the internal standard. Where authentic compounds 
were not available, response factors were obtained using the effective carbon number 
(ECN) c o n c e p t . T h e response of the FID varies with the identity of the component in 
the flame and depends primarily on the number and type of carbon atoms being 
oxidized. The concept of ECN has been established as a means of relating the various 
responses seen by the detector for different chemical structures. 
Overlapping peaks were resolved by fitting multiple Gaussian curves using Microcal 
Origin Version 6.0, see Figure 2.4. 
Figure 2.4 Example of overlapping peak resolution using multiple Gaussian curve fitting. 
Hydroperoxide concentrations were determined by reaction of the autoxidation samples 
with triphenylphosphine, which is known to convert the hydroperoxides into their 
corresponding alcohols. A comparison of the alcohol GC peak integrals before and after 
this treatment allows quantitative determination of the hydroperoxide under analysis. A 
critical discussion of this technique is given in Section 4.1. 114 
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2.3.6 SOP Measurements 
The weight of sohd deposits was obtained by measuring the increase in weight of the 
reaction apparatus after washing with heptane and drying for 24 h in a vacuum oven at 
80 °C. The composition of the sohd deposits was analysed by 'H and '"^C-NMR 
spectroscopy were collected on a Bruker AV-400 spectrometer. 
2.4 Assessment and Optimisation of the Oxidation Test Apparatus 
The oxidation test apparatus was designed to give a standardised measure of the 
stability of each hydrocarbon, enabling their direct comparison. For this purpose 
standardised reaction conditions with regards to temperature, oxygen flow rate and 
catalyst concentration were also required. Below is an outline of the optimisation of the 
reaction conditions and an assessment of the reliability of the oxidation test apparatus. 
2.4.1 Optimisation of Temperature and Oxygen Flow Rate 
The temperature and oxygen flow rate of the oxidation test apparatus were varied in 
order to find the optimum conditions for the direct comparison of each hydrocarbon 
used in this project, hi order to reduce the risk of autoignition and aggressive bubbling 
or foaming in the reaction, it was considered prudent to minimise the severity of the 
reaction conditions. However, if the temperature and oxygen flow rate were too low, 
initiation of the oxidation process by which each hydrocarbon degrades would not have 
taken place. Three factors were considered for the optimisation of the reaction 
conditions so that they would allow oxidation to; i) occur within reasonable time limits; 
ii) show the largest possible stability differences between hydrocarbons of different 
structures, and iii) be conducted safely. 
The effect of temperature and oxygen flow rate upon the oxidation of decane was 
investigated. Table 2.1 shows the oxidation parameters calculated for these 
degradations. Oxidation is shown to occur under all reaction conditions within the time 
limit of the reaction. 
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Table 2.1 Oxidation parameters for the degradation of decane under different reaction 
conditions. 
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A marked decrease in the stability of decane was noted as the temperature approaches 
the boiling point of decane (172 °C), Figure 2.5. The determination of any loss of 
volatile oxidation products was carried out by heating decane under reflux at 185 °C. 
No decrease in the conversion to LOPs is observed between reactions at 185 °C and 170 
°C. It was therefore concluded that there is minimal loss of volatile oxidation products 
through the condenser. 
(R 40 
& 20 
150°Q60mlmin' 
150°Q100mlmin' 
I70°C, 80 ml min'' 
185°Q 60 ml min ' 
185°C,100mlmin'' 
Time (h) 
Figure 2.5 Degradation profiles for decane with varying temperature and oxygen flow rate. 
In order to better appreciate the often subtle differences in the oxidation parameters of 
two hydrocarbons, it is crucial to optimise the reaction conditions so that these 
differences are maximised. Decane, as a straight chain alkane, is known to be relatively 
stable to oxidat ion, therefore its degradation profiles were compared with a 
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hydrocarbon of a lesser stability. The compound chosen for this comparison was 
decalin. Decalin is a naphthenic hydrocarbon that contains two tertiary centres, lowering 
its oxidative stability. 115 
The degradation profiles for decalin at 150 °C with an oxygen flow rate of 60 ml min" 
and 185 °C with an oxygen flow rate of 100 ml min ' are shown in Figure 2.6. 
70 n 
Time (h) 
150X60 ml mill"' 
185 "q 100 ml min" 
Figure 2.6 Degradation profiles for decalin at two different reaction conditions. 
The oxidation of decalin was less significantly affected by changes in the reaction 
conditions than observed during the degradation of decane, as illustrated in Figure 2.6. 
Table 2.2 shows the oxidation parameters for the degradation of decahn at these two 
different conditions. The oxidation parameters for the degradation of decane are shown 
in parenthesis adjacent to these values. It is clear that the largest difference in stability 
between decane and decalin occurs at the least haish reaction condition of 150 °C and 
60 ml min"'. 
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Table 2.2 Oxidation parameters for the degradation of decalin at different reaction conditions, 
numbers in parenthesis indicate the analogous values in the degradation of decane. 
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From these data the optimal reaction conditions were chosen to be the lowest severity 
reaction conditions tested: 150 °C with an oxygen flow rate of 60 ml min"'. This 
decision was supported by i) the appearance of degradation under all reaction conditions 
within the extent of the reaction, ii) these conditions giving the largest difference 
between the oxidation parameters for decane and decalin, and iii) the opportunity to 
minimise the safety risks. 
2.4.2 Catalyst Concentration. 
Lubricant engine oil is never free from low levels of transition metal ion contaminants. 
Therefore, each hydrocarbon tested was also degraded in the presence of copper(II) 
acetate. Copper is known to switch behaviour between acting as a catalyst and an 
inhibitor as its concentration increases .Therefore the degradations of decane and 
decalin in the presence of various amounts of copper(II) acetate were investigated in an 
attempt to verify the role of the copper under the standardised reaction conditions 
chosen. 
Significant effects on the induction time have been noted whilst varying the copper(II) 
acetate concentration for decane and to a lesser extent for decalin, Figure 2.7. For both 
hydrocarbons the induction time decreases with increasing concentrations of the 
catalyst. An exponential decay path was found to best fit this data set. 
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0 200 400 600 800 1000 1200 1400 1600 
Cbncentration of Cktalyst (ppm) 
Figure 2.7 The effect of catalyst concentration on the induction time for the 
degradations of decane • and decalin #. 
The effect of catalyst concentration on the rate of autocatalysis is shown in Figure 2.8. 
While the rate of autocatalysis is not significantly affected by catalyst concentration 
during the degradations of decane, the degradations of decalin show a substantial 
decrease in the rate. This is a sign of autoxidation suppression occuning at ininimal 
concentrations of copper(II) ions. This is an unreported result in the literature and is 
further discussed in Section 3.7 
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Figure 2.8 The effect of catalyst concentration on the rate of autocatalysis for the 
degradations of decane • and decalin #. 
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The concentration of 1000 ppm was finally chosen as it appears in the plateau of each 
curve. This will therefore ensure that any errors will be reduced as well as minimising 
the concentration of the copper ions as far as possible. 
2.4.3 Repeatabihty 
To test the repeatability of the reaction set-up, hydrocarbon degradations were run 
multiple times under the standardised conditions outlined in section 2.2. The oxidation 
of the hydrocarbons in this section were undertaken in the presence of 1000 ppm of 
copper(II) acetate. The degradation profiles for four different hydrocarbons over three 
repeated degradations have been plotted in Figure 2.9. 
Decane Phenyldecane 
Time (h) Time (h) 
Decalin 
1 2 3 4 5 
Time (h) 
M-Heptylcylohexane 
1 2 3 4 5 
Time (h) 
Figure 2.9 Degradation profiles for each hydrocarbon over three repeat reactions. 
Table 2.3 shows the calculated oxidation parameters for each of the degradation 
reaction shown in Figure 2.9. Mean, standard deviation (SD), relative standard deviation 
(RSD) have been calculated for these values. The standard deviations are noted to be 
small and vary with the hydrocaibon under degradation. The extremely short induction 
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times observed during the degradation of /i-Heptylcyclohexane have led to a laige RSD 
in this measurement. 
Table 2.3 Table to show the repeatability of each oxidation parameter. 
Percentage Conversion 
to LOP at 6 h (%) 
Rate Constant (mol dm" 
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19.6 45.1 35.3 23.0 
21.8 45.9 35.5 24.9 
21.4 45.0 36.6 26.1 
1.17 5.51 3.34 3.29 
1.12 5.61 3.55 3.44 
1.15 5.56 3.34 3.05 
0.33 0.22 0.32 0.01 
0.33 0.25 0.31 0.06 
0.30 0.15 0.33 0.01 
Mean 
SD 
RSD (%) 
20.9 45.3 35.8 24.7 
1.20 0.49 0.71 1.59 
5.72 1.08 1.99 6.46 
1.15 5.56 3.41 3.26 
0.03 0.05 0.12 0.20 
2.19 0.90 3.56 6.03 
0.32 0.21 0.32 0.03 
0.01 0.05 0.01 0.03 
4.02 23.9 2.35 108 
Averaged 
RSD (%) 3.15 2.94 11.38 
From these data it is considered that the repeatability of the oxidation test apparatus is 
sufficient for this level of testing. 
2.5 Reagents and Reference Materials 
2.5.1 Hydrocarbons for Degradation 
A range of hydrocarbons were purchased for the purpose of comparing their oxidative 
stability with their molecular structure. Table 2.4 lists the hydrocarbons used throughout 
this project and the supplier from which they were purchased. 
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Table 2.4 Hydrocarbons purchased for degradation studies. 
Hydrocarbon CAS Supplier 
Bicylohexyl (CyCy) 92-51-3 Fisher / Acros 
n-Butylbenzene (/iBuPh) 104-51-8 Sigma-Aldrich 
^ec-Butylbenzene (^BuPh) 135-98-8 VWR / Merck 
ferf-Butylbenzene (fBuPh) 98-06-6 Sigma-Aldrich 
n-Butylcyclohexane (nBuCy) 1678-93-9 Sigma-Aldrich 
wo-Butylcyclohexane (/BuCy) 1678-98-4 ChemSampCo 
fer^-Butylcyclohexane (®uCy) 3178-22-1 VWR / Merck 
Phenylcyclohexane (PhCy) 827-52-1 Fisher / Acros 
Decahydronaphthalene mixture of cis and trans (DHN) 91-17-8 Sigma-Aldrich 
cw-Decahydronaphthalene (cDHN) 493-01-6 VWR / Merck 
frans-Decahydronaphthalene (rDHN) 493-02-7 VWR / Merck 
n-Decane 124-18-5 Sigma-Aldrich 
1,5-Dimethyltetralin (1,5-DMT) 21564-91-0 Sigma-Aldrich 
/-Hexadecane (/-Cetane) 4309-04-9 Sigma-Aldrich 
n-Heptylcyclohexane (nHeptCy) 5617-41-4 TCI Europe 
n-Hexadecane (Cetane) 544-76-3 Sigma-Aldrich 
Perhydrofluorene (PHF) 5744-03-6 Sigma-Aldrich 
1-Phenyldecane (PhDec) 104-72-3 Sigma-Aldrich 
Squalane 111-01-3 Fisher / Acros 
2,6,10,14-Tetramethylpentadecane (Pristane) 1921-70-6 Fisher / Acros 
1 , r - ( l , 1,3-Trimethyl-l ,3-propanediyl)biscyclohexane 38970-72-8 Sigma-Aldrich 
(CyTMPCy) 
2.5.2 Reference Compounds 
In order to obtain accurate measurements by GC-FID, it was necessary to calculate as 
many response factors as possible for each detectable LOP. Table 2.5 lists all chemicals 
that were purchased for response factor calculation and retention time comparison, 
along with their purity, CAS number, supplier and corresponding hydrocarbon. 
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Table 2.5 Chemicals purchased for retention time comparisons and response factor 
calculations. 
Compound Purity (%) CAS No. Supplier 
Acetophenone 99.5+ 98-86-2 Aldrich 
Benzaldehyde 99+ 100-52-7 Aldrich 
Benzoic Acid 99.5+ 65-85-0 Aldrich 
4,4'-Bicylochexyldiol mixture of cis and trans 
isomers 97+ 20601-38-1 Fluka 
Butanal 99.5+ 123-72-8 Aldiich 
2-Butanone 99+ 78-93-3 Acros 
2-ferf-Butylcyclohexanol mixture of isomers 99 13491-79-7 Aldrich 
4-fer?-Butylcyclohexanol mixture of cis and 
trans isomers 99 98-52-2 Acros 
2-te?'?-Butylcyclohexanone 97 1728-46-7 Aldrich 
2-^grr-Butylcyclohexanone 97 1728-46-7 Aldrich 
4-fert-ButyIcyclohexanone 99 98-53-3 Acros 
y-Butyrolactone 99+ 96-48-0 Aldrich 
Cyclohexane 99.5+ 110-82-7 Aldrich 
Cyclohexanol 99+ 108-93-0 Fluka 
Cyclohexanone 99.5+ 108-94-1 Fluka 
2-Cyclohexylcyclohexanone 95 90-42-6 Alfa Aesar 
1 -Cyclohexylethanone 94 823-76-7 Aldrich 
Decahydro-2-naphthol mixture if cis and trans 
isomers 98 825-51-4 Acros 
c w-Dec ahydronaphthalol 99 36159-47-4 Aldrich 
1-Decalone 98 21370-71-8 Acros 
1-Decalone mixture of cis and trans isomers 97 4832-16-0 Aldrich 
2-Decalone mixture of cis and trans isomers 95 4832-17-1 Aldrich 
Decanal 95+ 112-31-2 Fluka 
1-Dec and 98+ 112-30-1 Fluka 
2-Decanol 95 1120-06-5 Acros 
3-Decanol 97 1565-81-7 Alfa Aesar 
4-Decanol 99 2051-31-2 Acros 
2-Decanone 98 1693-54-9 Aldrich 
3-Decanone 90+ 928-80-3 Fluka 
4-Decanone 98 624-16-8 Acros 
5-Decanone 98 212-469-0 Alfa Aesar 
Decanophenone 98+ 6048-82-4 Alfa Aesar 
Dicyclohexylketone 98 119-60-8 Aldrich 
alpha-Ethylphenethyl alchohol 97 701-70-2 Acros 
DL-beta-Ethylphenethyl alcohol 98 2055-94-1 Acros 
y-Heptalactone 98+ 105-21-5 Aldrich 
Heptanal 95 111-71-7 Acros 
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Table 2.5 (Continued) Chemicals purchased for retention time comparisons and 
response factor calculations. 
Compound Purity (%) CAS No. Supplier 
Heptanoic Acid 98 111-14-8 Acros 
2-Heptanone 98 110-43-0 Acros 
2-Hexadecanone 98 18787-63-8 Aldrich 
y-Hexalactone 98 695-06-7 Aldrich 
Hexanal 96 66-25-1 Acros 
Hexanoic Acid 99+ 142-62-1 Acros 
2-Hexanone 98 591-78-6 Alfa Aesar 
2-Nonanol 99 628-99-9 Aldrich 
2-Nonanone 99+ 821-55-6 Fluka 
Octanal 99 124-13-0 Aldrich 
1-Octanol 99.7+ 112-31-2 Fluka 
2-Octanone 99+ 111-13-7 Acros 
n-Paraffins C8-C20 PN 04070 (40 mg/L) Aldrich 
Pentanal 97 110-62-3 Aldrich 
2-Pentanone 98 107-87-9 Acros 
S-(-)-1 -Phenyl-1 -butanol 97+ 22135-49-5 Fluka 
2-Phenyl-2-Butanol 99 1565-75-9 Aldrich 
4-Phenyl-2-butanol 97 2344-70-9 Acros 
4-Phenyl-1 -butanol 97 3360-41-6 Acros 
1 -Phenyl-2-butanone 95+ 1007-32-5 Fluka 
y-Phenyl-y-butyrolactone 99 1008-76-0 Aldrich 
1 -Phenyl-1 -cyclohexanol 99 1589-60-2 Acros 
trans-2-Vh.cny\-1 -cyclohexanol 99 2361-61-0 Aldrich 
2-Phenylcyclohexanone 98 1444-65-1 Aldrich 
4-Phenylcyclohexanone 98+ 4894-75-1 Acros 
S -(-)-1 -Phenyl-1 -decanol 95 112419-76-8 Aldrich 
Propiophenone 99 93-55-0 Aldrich 
Valeric Acid 99 109-52-4 Acros 
y-Valerolactone 108-29-2 Aldrich 
2.6 Conclusions 
An oxidation test apparatus was designed in order to directly compare the stability of 
various hydrocarbons and hydrocarbon mixtures. The stability of each 
hydrocarbon/mixture was measured in terms of three oxidation parameters; the 
induction time before the onset of autocatalysis, the rate constant for the conversion of 
the hydrocarbon into LOPs during the period of autocatalysis, and the percentage 
conversion to LOPs after 6 h of reaction. The quantitative determination of individual 
LOPs by GC is also possible. Standardised reaction conditions were optimised and 
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chosen to be; temperature: 150 °C, oxygen flow rate: 60 ml min \ catalyst concentration 
(where required): 1000 ppm. The repeatability of the oxygen test apparatus was 
assessed and found to be sufficient for this level of testing. 
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3 Mono-Component Hydrocarbon Autoxidations 
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3.1 Introduction 
Oxidative stability is of extreme importance for lubricating base oils. Oxidatively stable 
base oils will have longer engine life times and have a greater resistance to the 
formation of solid deposits and corrosive by-products, as well as to undesirable 
viscosity changes. There has been a growing interest in understanding the oxidative 
degradation processes for lubricant base oils with respect to their composition. 
33, 116, 117 
Base oils are complex mixtures of various hydrocarbons, which can be summarised as 
belonging to one of five main categories or hydrocarbon families; paraffins, olefins, 
naphthenes, aromatics or heteroatomics. The composition of a base oil has been found 
to have a large impact on lubricant performance. Straight chain paraffins are known to 
have good viscosity temperature characteristics.Naphthenic compounds are known to 
have good low temperature properties and are less likely to crystallise out of solution as 
wax/^ Aromatics have the best solvency for the additive package/ However little is 
known about how the composition of a base oil directly relates to its oxidative stability. 
In general terms it has been previously noted that stability improves with decreasing 
aromatic content.^" 
One approach to understanding how base oil composition relates to oxidative stability 
has been to investigate the autoxidation reactions of model base oils. Few groups have 
used the autoxidation pathways of a pure hydrocarbon molecule to assess base oil 
stability.^®' In addition, not since the 1950s has any group studied the autoxidation 
of a collection of pure hydrocarbons to assess how their molecular structure affects 
lubricant stability. 
This chapter presents the results of the degradation for all hydrocarbons contained 
within this project. Each hydrocarbon has been analysed with and without the presence 
of a copper(II) acetate catalyst to determine a set of parameters that describe the 
stability of each hydrocarbon in a numerical way for ease of comparison. The stability 
parameters are; the induction time (IT), the rate constant of autocatalysis ( k a c ) , the rate 
constant for autoretardation (kar) and the percentage conversion (mol/mol) of each 
hydrocarbon into LOPs after six hours of reaction (%L0P_6). The results are discussed 
with specific emphasis on how the molecular structure of a hydrocarbon affects its 
oxidative stability. 
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3.2 Hydrocarbon Library; Molecular and Bulk Properties 
The hbrary of hydrocarbons studied in this project is depicted in Figure 3.1. The library 
contains straight and branched paraffins, naphthenes, and aromatics. The average 
number of carbons per molecule in a lubricant base oil is approximately 30. It should be 
noted that the hydrocarbons degraded in this project are on the whole smaller than this. 
This is primarily due to the commercial availability of pure hydrocarbons in large 
quantities. However, these hydrocarbons can act as suitable model components and 
reflect the various types of hydrocarbons found in industrial base oils. 
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benzene 
s-Butyl-
benzene 
n-Butyl-
benzene 
r-Butyl-
cycohexane 
i-Butyl-
cyclohexane 
«-Butyl-
cyclohexane Decane 
Cyclohexyl-
benzene 
1,5-Dimethyl-
tetralin 
Bicyclohexane Perhydrofluorene 
n-Heptyl-
cyclohexane Phenyldecane 
n-Hexadecane i-Hexadecane 
l,l'-(14j3-Trimethyl-l,3-
propanediyl) biscyclohexane 
Pristane Squalane 
Figure 3.1 Hydrocarbon Library 
Each hydrocarbon can be broken down into a description of its molecular structure. 
Table 3.1 details the molecular descriptors for each hydrocarbon tested. The percentage 
of each carbon type can be calculated as the molecular structures are known. In 
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industry, where more complex systems are under investigation, these values are 
calculated by the integration of the '^C-NMR spectrum (see section 7.1.1). Branching 
index (BI) is a descriptor used in industry to describe the degree of branching in highly 
saturated base oils, it is calculated using the following formula: 
BI= 
%CH^(2x%C^) 
2 oCH+^CH^+%CHj) 
Table 3.1 Molecular descriptors for each hydrocarbon. 
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Each hydrocarbon has also been considered in terms of its bulk properties, shown in 
Table 3.2. Viscosity and aniline point have been measured for all hydrocarbons studied 
within this project, and other bulk properties have been taken from the Beilstein Library 
through MDL Crossfire Commander 6.0. 
Table 3.2 Bulk property measurements for each hydrocarbon. 
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Bicyclohexyl 182.35 0.81 244 -41 46.60 2.94 1.47 
n-Butylbenzene 134.22 0.86 183 -88 <25 0.94 1.00 
5-Butylbenzene 134.22 0.86 174 -76 <25 0.87 1.00 
r-Butylbenzene 134.22 0.87 169 -58 <25 1.03 1.00 
/-Butylcyclohexane 140.27 0.79 171 -95 57.65 1.14 1.01 
n-Butylcyclohexane 140.27 0.80 178 -75 55.65 1.23 1.03 
r-Butylcyclohexane 140.27 0.81 171 -41 52.45 1.54 1.04 
Decalin 138.25 0.90 190 -125 35.75 2.02 1.28 
c-Decalin 138.25 0.90 193 -43 33.05 2.48 1.39 
r-Decalin 138.25 0.87 185 -32 36.85 1.69 1.17 
Decane 142.29 0.73 174 -30 77.25 0.98 1.01 
1,5 -Dimethyltetr alin 160.26 0.96 252 * <25 2.70 1.39 
n-Heptylcyclohexane 166.31 0.89 234 4 70.55 2.33 1.34 
i-Hexadecane 226.44 0.79 240 * 95.25 3.10 1.55 
n-Hexadecane 226.44 0.77 287 18 94.15 4.56 1.21 
Perhydrofluorene 178.31 0.92 252 15 40.80 4.33 1.89 
Phenylcyclohexane 160.26 0.95 294 5 <25 2.02 1.22 
Phenyldecane 204.36 0.80 298 -14 <25 2.89 1.47 
Pristane 268.52 0.78 296 -100 103.60 4.56 1.21 
Squalane 422.82 0.81 456 -38 122.30 19.07 3.85 
1,1' -(1,1,3-Trimethyl- 250.46 0.89 310 * 69.75 19.67 3.18 
1,3-propanediyl) 
biscyclohexane 
Unknown 
3.3 Results of Pure Hydrocarbon Autoxidations 
In this section the reaction profiles for each hydrocarbon autoxidation reaction, with and 
without the presence of a copper(II) acetate catalyst, are presented. A short discussion 
of the major observations made for each reaction is also included. 
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3.3.1 Bicyclohexyl 
Bicyclohexyl is part of the naphthene class of hydr ocarbons, the reaction profiles for the 
degradation of this compound with and without the presence of a copper(II) acetate 
catalyst are shown in Figure 3.2. When no catalyst was present the induction time was 
long (4.39 h) compared with the other hydrocarbons in this class. The presence of a 
catalyst had a marked effect on the degradation of this compound. The catalyst caused 
the initiation of autoxidation to occur quickly (initiation time = 0.39 h) but hindered the 
rate of oxidation towards the latter stages of the reaction, as seen by a decrease in the 
rate constant of autocatalysis going from 6.83 x 10"^  M s"^  to 2.24 x 10"^  M s"'. After 6 h 
of reaction, the non-catalysed system appeared as a transparent pale yellow liquid, 
which upon storage precipitated small amounts of a white sohd. This solid was analysed 
by '^C-NMR, ^H-NMR and MS and found to be cyclohexanone. No sludge fomiation 
was observed in the non catalysed system. The catalysed system also formed a 
transparent yellow liquid but this time with no white precipitate, 0.432 g of brown solid 
deposits were however collected from the reaction vessel after washing with heptane 
and drying in a vacuum oven. 
h 20 
Time (h) 
Figure 3.2 Reaction profiles for the degradation of bicyclohexyl with catalyst ( • ) and without 
( • ) 
3.3.2 n-Butylbenzene 
n-Butylbenzene is a member of the aromatic class of hydrocarbons. The reaction 
profiles for the degradation of this compound are shown in Figure 3.3. The presence of 
a catalyst seems to have a marked effect on the degradation of this compound. The 
catalyst caused the initiation of autoxidation to occur quickly and an equilibrium limit 
of approximately 35% conversion is observed towards the latter stages of the reaction. 
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For the non catalysed system, after 6 h of reaction the oil appeared as a cloudy dark 
yellow liquid. In comparison, the catalysed system gave an orange liquid after 6 h from 
which clear crystals grew upon storage at room temperature. No sludge was collected 
for either reaction. 
The crystals formed upon storage were analysed by '^C-NMR, 'H-NMR and MS and 
determined to be benzoic acid. 
p. 10 
Time (h) 
Figure 3.3 Reaction profiles for the degradation of /i-butylbenzene with catalyst ( • ) and without 
( • ) 
3.3.3 .y-Butvlbenzene 
^-Butylbenzene is a member of the aromatic class of hydrocarbons. The reaction 
profiles for the degradation of this compound are shown in Figure 3.4. The presence of 
a catalyst does not seem to have a marked effect on the degradation of this compound, 
unlike most of the other hydrocarbons degraded within this project. However, a slight 
increase in the rate constant of autocatalysis, 4.72 x 10"^  M s"' in non-catalysed systems 
to 5.18 X 10"^  M s"' in the presence of a catalyst, can be seen along with an equilibrium 
limit at 56 % conversion during the latter stages of reaction. For the non catalysed 
system, after 6 h of reaction the oil appeared as a transpaient yellow liquid. Similaily 
the catalysed system also gave a transparent yellow liquid. No sludge was found for 
either reaction. 
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Figure 3.4 Reaction profiles for the degradation of 5-butylbenzene with catalyst ( • ) and without 
(•). 
3.3.4 f-Butylbenzene 
r-Butylbenzene is one of the aromatic hydrocarbons degraded within this project, the 
reaction profile for the conversion of r-butylbenzene into LOPs in the presence of a 
copper(II) acetate catalyst is shown below in Figure 3.5. It is observed that there is a 
delay of approximately 3 h before initiation of autoxidation and that the final conversion 
is only 3 %. No oxidation products were observed for this hydrocarbon and no change 
to the reaction mixture was observed. The degradation of f-butylbenzene without the 
presence of any catalyst did not show any change to the starting material peak on the 
GC chromatograph, indicating no decomposition had occurred. 
Time (h) 
Figure 3.5 Reaction profiles for the degradation of r-butylbenzene with catalyst (•) . 
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3.3.5 /-Butylcyclohexane 
/-Butylcyclohexane resides in the naphthene class of hydrocarbons. The reaction 
profiles for the degradation of this compound are shown in Figure 3.6. The presence of 
a catalyst seems to effect the degradation of this compound by slowing the progress of 
reaction after 2h, as indicated by the equilibrium limit in this reaction profile at 18 % 
conversion. After 6 h of reaction, the non catalysed system separated into two layers, a 
yellow coloured lower layer and a colourless upper layer. The catalysed system also 
separated into two layers, the lower being dark orange in colour and the upper layer 
being yellow. Analysis of the oxidation products were undertaken on an emulsion of the 
two layers formed by vigorous shaking. No sludge was found for the non catalysed 
system however, 0.84 g of sludge was collected in the catalysed system. 
y 0 
Time (h) 
Figure 3.6 Reaction profiles for the degradation of /-butylcyclohexane with catalyst ( • ) and 
without (•) . 
3.3.6 n-Butylcyclohexane 
n-Butylcyclohexane resides in the naphthene class of hydrocarbons. The reaction 
profiles for the degradation of this compound are shown in Figure 3.7. The presence of 
a catalyst effects the degradation of this compound by significantly decreasing the 
induction time (1.98 h non-catalysed, 0.37 h catalysed) and slowing down the rate of 
oxidation (5.87 x 10"^  M s"' non-catalysed, 2.97 x 10"^  M s ' catalysed). After 6 h of 
reaction, the non catalysed system appeared as a pale yellow liquid. The catalysed 
system separated into two layers, a dark orange lower layer and yellow upper layer. No 
sludge was formed in the non catalysed system however, 0.35 g was collected in the 
catalysed system. 
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Figure 3.7 Reaction profiles for the degradation of 72-butylcyclohexane with catalyst ( • ) and 
without (•) . 
3.3.7 f-Butylcyclohexane 
?-Butylcyclohexane is classed as a naphthene hydrocarbon. The reaction profiles for the 
degradation of this compound are shown in Figure 3.8. The presence of a catalyst 
effects the degradation of this compound by significantly decreasing the induction time, 
an induction time of 3.27 h was observed in the non-catalysed system, whilst in the 
presence of a catalyst the induction time was found to be 1.13 h. The catalyst has also 
affected the rate of autocatalysis; a rate constant of 1.11 x 10"^  M s"' was calculated for 
the non-catalysed reaction profile, which increased to 2.52 x 10"^  M s"' in the presence 
of a catalyst. This compound is found to be the least reactive naphthene studied in this 
work. This can be considered to be due to the unreactive r-butyl side chain and also the 
steric shielding this group imposes on the rest of the molecule. After 6 h of reaction, the 
non catalysed system appeared as a transparent almost colourless liquid. The catalysed 
system appeared as a dark yellow liquid which precipitated a small amount of white 
soUd upon storage. No sludge was found for the non catalysed system however, 0.23 g 
of sludge was collected in the catalysed system. 
The white precipitate that formed upon storage after the degradation of t-
butylcyclohexane was analysed by '^C-NMR, 'H-NMR and MS and was found to be 
mostly cyclohexanone. However, trace amounts of f-butylcyclohexandione and t-
butylcyclohexanone were also present, although the exact isomeric form could not be 
determined. 
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Time (h) 
Figure 3.8 Reaction profiles for the degradation of f-butylcyclohexane with catalyst ( • ) and 
without (•). 
3.3.8 Decalin 
Decalin is one of the naphthene class of molecules that have been degraded in this 
project. The reaction profiles for the degradation of this compound are shown in Figure 
3.9. The reaction profiles show that the catalyst decreased the rate of reaction; a value of 
7.89 X 10"^  M s"' was calculated in the non-catalysed reaction compared to 3.45 x 10"^  
M s"'in the catalysed system. A shorter induction time was also observed in the 
catalysed system (0.43 h) than in the non-catalysed system (0.78 h). After 6 h of 
reaction, the non catalysed system produced a dark yellow oil. The catalysed system 
produced a dark brown oil that contained a relatively large amount of sludge (0.50 g). 
Time (h) 
Figure 3.9 Reaction profiles for the degradation of decalin with catalyst ( • ) and without (•). 
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3.3.9 Decane 
Decane is one of the straight chain paraffins that have been degraded in this project. The 
reaction profiles for the degradation of this compound are shown in Figure 3.10. The 
catalyst is observed to significantly decrease the induction time going from 3.34 h to 
0.24 h. After 6 h of reaction both the non catalysed and catalysed systems produced a 
colourless transparent oil. 
25-1 
Time (h) 
Figure 3.10 Reaction profiles for the degradation of decane with catalyst ( • ) and without (•) . 
3.3.10 1,5-Dimethvltetralin 
1,5-Dimethyltetralin is classed as an aromatic hydrocarbon. The reaction profiles for 
the degradation of this compound are shown in Figure 3.11. The catalyst shows little 
effect on the oxidation of this compound. After 6 h of reaction, the non catalysed system 
appeared as a brown liquid, whereas the resultant oil of the catalysed system appeared 
as a black viscous liquid. No sludge was found for the non catalysed system, however 
0.26 g was collected in the catalysed system. 
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Time (h) 
Figure 3.11 Reaction profiles for the degradation of 1,5-dimethyltetralin with catalyst ( • ) and 
without (•). 
3.3.11 n-Heptylcyclohexane 
n-Heptylcyclohexane is in the naphthene hydrocarbon class. The reaction profiles for 
the degradation of this compound are shown in Figure 3.12. The presence of a catalyst 
effects the degradation of this compound by significantly decreasing the induction time; 
an induction time of 1.59 h was measured in the non-catalysed reaction, compared to 
0.02 h in the catalysed system. The rate of autocatalysis was also affected by the 
catalyst, a much faster rate of oxidation was determined in the presence of a catalyst 
(3.26 X 10"^  M s"') than without (6.65 x 10"^  M s"') . After 6 h of reaction, the non 
catalysed system appeared as a transparent yellow liquid. The catalysed system 
separated into two layers, the lower layer being dark orange in colour and the upper 
layer being yellow. No sludge was found for the non catalysed system however, 0.34 g 
was collected in the catalysed system. 
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Time (h) 
Figure 3,12 Reaction profiles for the degradation of «-heptylcyclohexane with catalyst (•) and 
without (•) . 
3.3,12 i-Hexadecane 
/-Hexadecane is in the paraffin hydrocarbon class. The reaction profiles for the 
degradation of this compound are shown in Figure 3.13. The presence of a catalyst 
effects the degradation of this compound by decreasing the induction time from 0.37 h 
to 0.13 h and increasing the rate of oxidation from 0.66 x 10"^  M s ' to 1.54 x 10"^  M s '. 
Equilibrium limits are shown in both reactions at 18 % for the catalysed and 10 % for 
the non-catalysed system. After 6 h reaction time, the non catalysed system is still a 
clear colourless liquid, remarkably unchanged in appearance from the starting inaterial. 
The catalysed system gave a pale yellow liquid, from which a negligible amount of 
sludge was noted to be formed. 
20 n 
^ 15-
Time (h) 
Figure 3.13 Reaction profiles for the degradation of /-hexadecane with catalyst ( • ) and without 
( • ) • 
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3.3.13 n-Hexadecane 
72-Hexadecane is one of the paraffins degraded in this project. The reaction profiles for 
the degradation of this compound are shown in Figure 3.14. The presence of a catalyst 
effects the degradation of this compound by decreasing the induction time from 1.26 h 
to 0.27 h. The rate of oxidation was slowed in the presence of a catalyst; a value of 4.82 
X 10'^ M s"^  was calculated in the non-catalysed reaction compared to 3.90 x 10'^  M s"' 
in the catalysed system. For the non-catalysed reaction, after 6 h the oil appealed as a 
transparent colourless hquid. The catalysed system appeared as a yellow liquid after 6 h. 
No sludge was formed in either reaction. 
ys 45 
2 3 4 5 
Time (h) 
Figure 3.14 Reaction profiles for the degradation of n-hexadecane with catalyst (•) and without 
( • ) • 
3.3.14 Perhydrofluorene 
Perhydrofluorene belongs to the naphthene class of hydrocaibons. The reaction profiles 
for the degradation of this compound are shown in Figure 3.15. The presence of a 
catalyst effects the degradation of this compound by significantly increasing the rate of 
oxidation (1.30 x 10'^ M s"' compared to 14.75 x 10"^  M s"'), and resultantly the 
percentage conversion to LOPs after 6 h (8 % compared to 59 %). This hydrocarbon 
shows the highest rate of autocatalysis in all catalysed systems. After termination of the 
reaction at 6 h, the non catalysed system appeared as a transparent pale yellow liquid. 
The catalysed system appeared as a brown liquid. No sludge was found in the non 
catalysed system, however a small amount of sludge was observed in the catalysed 
system. 
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Time (h) 
Figure 3.15 Reaction profiles for the degradation of perhydrotluorene with catalyst (•) and 
without (•). 
3.3.15 Phenvlcyclohexane 
Phenylcyclohexane is one of the aromatic hydrocarbon compounds degraded in this 
project. The reaction profiles for the degradation of this compound are shown in Figure 
3.16. The presence of a catalyst does not greatly affect the degradation profiles of this 
compound. After 6 h of reaction, the non catalysed system appeared as a dark yellow 
liquid whereas the catalysed system appeared as an orange liquid. No sludge was found 
in either reaction. 
55-, 
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Time (h) 
Figure 3.16 Reaction profiles for the degradation of phenylcyclohexane with catalyst (•) and 
without (•). 
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3.3.16 Phenyldecane 
Phenyldecane is one of the aromatic hydrocarbons degraded in this project. The 
degradation profiles for this compound with and without catalyst are shown in Figure 
3.17. The catalyst has decreased the induction time, from 2.25 h to 0.13 h. A period of 
autoretardation is apparent in the reaction profile of the catalysed system, which is not 
observed when no catalyst is present. After 6 h of reaction, the non catalysed system 
appeared as a transparent yellow liquid. The catalysed system appeared as an orange 
liquid. No sludge was found in either reaction. 
g 30 
Time (h) 
Figure 3.17 Reaction profiles for the degradation of phenyldecane with catalyst (•) and without 
( • ) • 
3.3.17 Pristane 
Pristane is a branched paraffin compound. The degradation profiles for its oxidation 
with and without catalyst are shown in Figure 3.18. These profiles appear unusual when 
compared to the rest of the hydrocarbons degraded within this project as an equilibrium 
limit is reached (at a 36 % conversion to LOPs) in the degiadation without catalyst and 
not in the reaction with catalyst. The presence of the catalyst often changes the shape of 
the reaction profile but it is most commonly found that equilibrium limits are seen in 
catalytic reactions. After 6 h of reaction, the non catalysed system appeared as a 
transparent yellow liquid. The catalysed system appeared as an orange liquid. No sludge 
was found in either reaction. 
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Figure 3.18 Reaction profiles for the degradation of pristane with catalyst ( • ) and without (•). 
3.3.18 Squalane 
Squalane is a branched paraffin compound. The degradation profiles for its oxidation 
are shown in Figure 3.19. The reaction profiles are similar except for the induction 
times, which has decreased from 0.84 h in the non-catalysed reaction to 0.00 h in the 
catalysed reaction. After 6 h of reaction, the non catalysed system appeared as a 
transparent yellow liquid. The catalysed system appeared as an orange liquid. No sludge 
was found in either reaction. 
o- 10 
Time (h) 
Figure 3.19 Reaction profiles for the degradation of squalane with catalyst (•) and without (•). 
3.3.19 1.1'-(1,1,3-Trimethvl-1,3-propanedi vDbiscyclohexane 
l,r-(l,l,3-Trimethyl-l,3-propanediyl)biscyclohexane was degraded repeatedly on the 
oxidation test apparatus, however no initiation could be observed. It could be 
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considered that the shape of this molecule can hinder hydrogen abstraction, by sterically 
protecting the carbon centres from attack. Although the more reactive tertiary centres 
are perhaps hindered from attack by a peroxyl radical there are plenty of available 
secondary centre hydrogens for abstraction. This compound has a high branching index, 
which is thought to be an indication of low reactivity, however f-butylcyclohexane and 
/-hexadecane have higher branching indices and both these hydrocarbons show 
oxidation under these conditions. Therefore no definitive reason can be given as to the 
extreme stability of this compound. 
3.4 Oxidation Parameters for Hydrocarbon Autoxidations 
Each hydrocarbon has been degraded with and without the presence of a copper(II) 
acetate catalyst. The oxidation parameters have been measured for each reaction and the 
values have been tabulated for those reactions without catalyst in Table 3.3, and with 
catalyst in Table 3.4. Many of the oxidation reactions have been repeated and therefore 
these values are the mean average. 
Table 3.3 Oxidation parameters for all pure hydrocarbon degradations without the presence of a 
catalyst. 
Hydrocarbon 
Profile 
shape 
%LOP_6 
(%) 
kac (mol 
dm"^  s"^ ) 
kar (mol 
dm^ s"^ ) IT (h) 
Bicyclohexyl 1 31.2 6.83 * 4.39 
n-Butylbenzene 1 20.9 1.71 Hi 2.09 
j'-Butylbenzene 2 62.4 4.72 4.64 0.21 
n-Butylcyclohexane 2 41.7 5.87 2.85 1.98 
/-Butylcyclohexane 1 41.2 4.05 * 1.47 
f-Butylcyclohexane 1 10.7 1.11 3.27 
Decalin 2 58.4 7.89 3.17 0.78 
c-Decalin 3 63.6 6.00 0 0.40 
^-Decalin 2 54.7 7.82 1.42 1.59 
Decane 1 16.3 1.97 3.34 
1,5-Dimethyltetralin 2 63.3 8.40 3.64 0.33 
fi-Heptylcyclohexane 2 46.4 6.65 1.12 1.59 
n-Hexadecane 1 52.0 4.82 1.26 
/-Hexadecane 3 9.8 0.66 0 0.37 
Perhydrofluorene 1 7.5 1.30 * 4.92 
Phenylcyclohexane 2 50.1 4.03 2.47 0.23 
Phenyldecane 1 49.1 5.77 * 2.25 
Pristane 3 35.5 5.50 0 0.38 
Squalane 2 69.3 8.64 4.22 0.84 
No autoretardation is apparent in the oxidation process 
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Table 3.4 Oxidation parameters for all pure hydrocarbon degradations in the presence of a 
catalyst. 
Hydrocarbon 
Profile 
shape 
%LOP_6 
(%) 
kac (XIO ' 
Ms-') 
kar (XIO ' 
Ms-') IT (h) 
Bicyclohexyl 2 18.5 2.24 7.75 0.39 
n-Butylbenzene 3 37.2 4.81 0 0.04 
j'-Butylbenzene 3 55.9 5.18 0 0.00 
/-Butylcyclohexane 3 17.9 2.00 0 0.34 
n-Butylcyclohexane 2 28.1 2.97 1.21 0.37 
r-Butylcyclohexane 1 32.6 2.52 * 1.13 
DecaUn 3 36.5 3.45 0 0.43 
c-Decalin 2 30.9 3.43 1.17 0.12 
^-Decalin 3 29.0 2.85 0 0.67 
Decane 1 21.2 1.18 * 0.24 
1,5-Dimethyltetralin 3 59.7 7.87 0 0.00 
n-Heptylcyclohexane 2 24.7 3.26 0.68 0.02 
n-Hexadecane 3 50.0 3.90 0 0.27 
i-Hexadecane 3 18.0 1.54 0 0.13 
Perhydrofluorene 1 59.2 14.75 4.03 
Phenylcyclohexane 2 41.5 5.42 1.59 0.00 
Phenyldecane 2 45.5 5.56 1.88 0.13 
Pristane 1 45.7 2.84 * 0.11 
Squalane 3 78.1 9.11 0 0.00 
* No autoretardation is apparent in the oxidation process 
The stability parameters tabulated above give a picture of how each hydrocarbon 
performs under oxidative conditions. Below is a brief discussion of each oxidation 
parameter and how it relates to hydrocarbon stability. 
3.4.1 Induction Time 
A long induction time is preferable for each hydrocarbon, as this parameter will indicate 
the hydrocarbon with the best shelf life and the hydrocarbon that will keep its desired 
lubricity the longest. The hydrocarbon with the longest induction time (4.92 h) is 
perhydrofluorene in a non catalysed system. The hydrocarbons with the shortest 
induction times are ^-butylbenzene, 1,5-dimethyltetraUn and squalane all with a 0.0 h 
induction time in catalysed systems. The catalyst appears to greatly affect the induction 
time; all induction times are shortened in the presence of the catalyst. 
3.4.2 Rate of Autocatalysis 
The rate of autocatalysis indicates the stability of a hydrocarbon in terms of how 
quickly it degrades. This is an important parameter because, although a short induction 
time indicates early changes from optimal lubricity, the rate of autocatalysis indicates 
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how significant these changes will be. A short induction time coupled with a slow rate 
of autocatalysis still suggests the hydrocarbon is relatively stable as only minimal 
oxidative changes will occur. An example of this type of hydrocarbon is i-hexadecane in 
the non-catalysed system (see Section 3.3.12 above). 
In non-catalysed systems the highest rate of autocatalysis is found for squalane and the 
lowest for n-hexadecane. In catalysed systems the highest rate of autocatalysis is 
perhydrofluorene and the lowest decane. This suggests that n-paraffins have low rates of 
autocatalysis, and that the level of branching could be significantly affecting the rate at 
which a hydrocarbon degrades. More branching points can give an indication of more 
tertiary centres with labile hydrogens which are readily attacked by peroxyl radicals. 
3.4.3 Rate of Autoretardation 
The rate of autoretardation is an interesting parameter, the presence of which is 
dependent on the profile type, see Chapter 2 Section 2.2.4. A Type 1 profile shows no 
period of autoretardation, the rate of autocatalysis is constant throughout the extent of 
the reaction. A Type 2 profile shows a marked decrease in the rate of autoxidation in the 
latter stage of reaction. The point of change in this profile denotes the change from 
autocatalysis to autoretardation. A Type 3 profile shows that same marked decrease in 
the rate of autoxidation however, in this profile the overall rate of formation of LOPs 
shifts to zero as the reaction reaches an equilibrium limit. During this time the rate of 
LOP formation is equal to their rate of degradation. 
There appears to be no correlation between the profile type and any of the other 
oxidation parameters. Nor is there any particular hydrocarbon family for which a 
particular profile type is more abundant. However, it is fair to say that the presence of a 
catalyst increases the probability of a period of autoretardation occurring in the reaction. 
For hydrocarbons with a Type 2 profile, the largest autoretardation rate is seen for 
bicyclohexyl in a catalysed system. The lowest is seen for n-heptylcyclohexane also in a 
catalysed system. 
3.4.4 Percentage Conversion to LOPs after 6 h of reaction 
Each oxidative stability parameter measures a different aspect of oxidative stability and 
therefore they cannot be separated or classed as more significant than any of the others. 
The percentage conversion to LOPs after 6 hours could be estimated from the induction 
time and the rate of autocatalysis. However, if a period of autoretardation is observed in 
the profile (profile type 2 and 3) then prediction of the end point value is dependent on 
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three parameters (IT, kac and kar) and becomes more difficult. Therefore the 6 hour end 
point values have been included to give a quicker and easier comparison of all these 
three properties grouped together. 
By looking at %LOP_6 the most stable hydrocarbon in the non catalysed reactions is 
perhydrofluorene, however in the presence of a catalyst this hydrocarbon becomes very 
unstable showing its response to the catalyst. In the presence of a catalyst the most 
stable hydrocarbon is i-butylcyclohexane, though this hydrocarbon has a greatly 
increased rate of autocatalysis in the non catalysed reactions. 
The most stable hydrocarbon overall is z-hexadecane which has low conversion under 
both catalysed and non catalysed conditions. This compound is a branched paraffin 
which has a high branching index (0.27). It is also very sterically hindered. Although 
branching can be tied to tertiary centres and more labile hydrogens it can also be linked 
to quaternary centres, at which points there are no hydrogens to abstract. /-Hexadecane 
is a prime example of a highly branched, sterically hindered hydrocarbon, whose 
branching has imposed stability. This reiterates the need to look at the molecular and 
steric shape of each hydrocarbon rather than the individual percentage carbon 
distributions, which give no indication of steric hindrance. 
3.5 Solid deposits 
Some hydrocarbons formed sludge upon oxidation in the catalysed systems. No solid 
deposits of any kind were noted in the non catalysed systems. All hydrocarbons that 
produced sludge during oxidation are found to be naphthenic except for 1,5-
dimethyltetralin, which sits on the border of aromatic and naphthenic since it contains 
both a saturated and unsaturated ring fused together. Solid deposits formation has 
previously been found to be dependent on the aromatic content of fully formulated base 
oils.^^ In this investigation the aromatics degraded quite cleanly showing little colour 
change and except for 1,5-dimethyltetralin, no sludge formation. 
The amounts of sludge formed in each catalysed autoxidation reaction are tabulated 
below in Table 3.5. 
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Table 3,5 Amount of sludge formed in the autoxidation of pure hydrocarbons in the presence of 
copper(n) acetate. 
Hydrocarbon 
Bicyclohexyl 
«-Butylbenzene 
5-Butylbenzene 
/-Butylcyclohexane 
n-Butylcyclohexane 
f-Butylcyclohexane 
Decalin 
Decane 
1,5-Dimethyltetralin 
n-Heptylcyclohexane 
/-Hexadecane 
n-Hexadecane 
Perhydrofluorene 
Phenylcyclohexane 
Phenyldecane 
Pristane 
Squalane 
Weight of Sludge formed in 
Catalysed Systems (g) 
0.43 
0.84 
0.35 
0.23 
0.50 
0.26 
0.34 
negligible 
negligible 
The ability of a hydrocarbon to form solid deposits, sludge or oxidation products that 
are insoluble in the starting material is an indication of how they will perform in an 
engine. Solid deposits are detrimental to an engine as they can form hard layers in the 
grooves of an engines pistons and hamper performance. If solid phase oxidation 
products (SOPs) are formed by Aldol condensation type reactions,'"' then it could be 
that the addition of copper(II) acetate is assisting in this process. The Aldol reaction 
relies on an acid or base catalyst which could be supplied by the small amounts of 
acetate ions in solution, Figure 3.20. 
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AcO 
44" 
'-Cu(OAc) 
+Cu(OAc)^ 
O" 
"Cu(OAc) 
Figure 3.20 Mechanism for the catalysis of the SOP forming Aldol condensation reaction by 
copper(II) acetate. 
As mainly naphthenic compounds are observed to form sludge, it is interesting to look 
at the Aldol reaction for compounds containing a cyclohexyl moiety. Figure 3.20. From 
analysis of the oxidation products formed during the autoxidation of each naphthenic 
hydrocarbon it has been observed that carbonyls are most likely to foiTn alpha to the 
alkyl side chain (see Chapter 5). Sterics suggest that initial hydrogen abstraction by the 
acetate ion will occur at either Ha or Hb as He is sterically hindered by the alkyl group. 
Abstraction of Hb is also considered to be less likely as Ha is more labile due to its 
position on a tertiary centre. It can also be seen that by abstracting Hb the alkyl side 
chains hinders the proper electronic alignment needed for the enolate to add to another 
carbonyl compound. This means the enolate will occur between the carbonyl and the 
alkyl side chain. 
3.6 Statistical Correlations 
At this point, further comparisons between the bulk and molecular properties and the 
oxidative stability of each hydrocarbon becomes problematic, confusing and complex. 
Therefore, statistical analyses have been employed to assimilate any trends that can 
confidently be pulled out of the stability data. 
To better understand the relationship between hydrocarbon stability and molecular 
structure, statistical correlation coefficients were determined between the three main 
oxidation parameters (%L0P_6, kac, and IT) and the moleculai- and bulk properties 
outlined above. Correlation coefficients are a relative scale from -1 to +1 which 
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indicates how well one data set varies with another. A value of -1 would show an exact 
inverse relationship where large values from one data set are associated with small 
values of the other, whereas a value of +1 would show a directly proportional 
relationship where large values in both data sets are associated. 
The full table of correlation coefficients can be found in Appendix Table A1 to A3. 
When all hydrocarbons were considered together no significant correlations (> ±0.8) 
could be identified. This is also the case when all hydrocarbons were considered in 
catalysed and uncatalysed reaction groups. Therefore, the oxidation parameter data has 
been further split into paraffins, naphthenes and aromatics. The results are presented 
below. 
3.6.1 Paraffins 
The values of %L0P_6 and kac of the paraffinic hydrocarbon degradations show a good 
correlation with the molecular weight (MW), the boiling point (b.p.), the aniline point 
(a.p.), the Kv 40 value and the Kv 100 value. The correlation factors are presented in 
Table 3.6 and Table 3.7 for %LOP_6 and kac respectively. Values in italics are classed 
as insignificant (< +0.8). 
Table 3.6 Correlation coefficients for the percentage conversion to LOPs after 6 h of reaction 
for paraffinic hydrocarbons. 
MW b.p. a.p. Kv 40 Kv 100 
Paraffinic non catalysed 0.79 a 8 8 0.79 0.77 0.7J 
Paraffinic catalysed 0.92 0.96 0.90 0.87 0.81 
All paraffins 0.85 0.91 &84 (182 0.76 
Table 3.7 Correlation coefficients for the rate of autocatalysis in the degradations of paraffinic 
hydrocarbons. 
MW b.p. a.p. Kv 40 KvlOO 
Paraffinic non catalysed &85 0.90 &84 &82 0.74 
Paraffinic catalysed 0.93 0.95 &87 0.97 0.95 
All paraffins 0.90 0.93 0.86 0.90 0.86 
Correlation coefficients are an easy way of predicting where trends might occur, 
however to see the entire picture these results must be plotted graphically. Figure 3.21 
to Figure 3.30 graphically show the trends that the correlation coefficients have pulled 
out of the data. Although a high correlation coefficient is not dependent on having a 
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liner trend, these graphs have been fitted with linear regression curves to guide the eye. 
The R" values have also been calculated to show how well these data fit the linear- trend 
lines. The catalysed and non catalysed points are shown separately, however trend lines 
have been fitted over both sets of data. 
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None of the bulk properties show an excellent fit with either the percentage conversion 
to LOPs after 6 h or the rate of autocatalysis. The best linear trend is between the rate of 
autocatalysis and the boiling point, Figure 3.27. A high boiling point gives a fast rate of 
autocatalysis. The plots of kinematic viscosity (Kv 40 and Kv 100) for both %LOP_6 
and k ac show one of the down falls of using correlation coefficients to draw 
assumptions. The variance of the data in these plots is being weighted by a single 
hydrocarbon - squalane, which has an extremely high viscosity when compared with 
the other paraffins in this class. By taking squalane out of these plots the other 
hydrocaibon stabilities show little dependence on viscosity at either temperature. 
The induction times of the paraffinic hydrocarbons have not been found to con-elate 
well with many of the molecular or bulk property descriptors used within this project. 
However, by isolating the non catalysed reactions induction time correlates with the 
density of the liquid with a correlation coefficient of -0.90. The plot of this is shown in 
Figure 3.31. It can be seen in this graph that apart from one outlier (circled) the 
induction time correlates well with the density of all the other hydrocarbons. 
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Figure 3.31 Density versus induction time for paraffins. 
These correlations values suggest that the most stable paraffinic hydrocarbons are those 
with low molecular weights, boiling points, aniline points, and densities. No molecular 
properties were found to correlate to paraffinic stability. It is noted that the least 
predictable oxidation parameter for modelling paraffinic hydrocarbon stability is the 
induction time. 
Low molecular weight paraffins are known to have low boihng points and aniline 
points. Therefore, the correlations of the bulk property measurements are all leading to 
the same conclusion - the size of the molecules are influential towaids oil stability than 
their structural differences. 
3.6.2 Naphthenes 
Within the naphthene class of hydrocarbons %LOP_6 and kac did not correlate well with 
either bulk or molecular properties. The induction time showed significant coirelation 
(0.83) with the molecular weight only when non catalysed reactions were considered. 
This positive coixelation suggests that the more stable hydrocarbons have high 
molecular weights within the naphthene class. This is the reverse of what is observed in 
the paraffin class. This can account for the inability to identify any conelations across 
the naphthene and paraffin classes. The plot of this trend is shown below in Figure 3.32. 
It can be seen that there is a small spread of molecular weights in the naphthene class. 
The long induction times for bicyclohexyl and perhydrofluorene are slightly weighting 
these data. 
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Figure 3.32 MW versus induction time for naphthenes. 
3.6.3 Aromatics 
No correlations between the oxidation parameters and the molecular descriptors could 
be found when the catalysed and non catalysed reactions of the aromatic class were 
considered together. The %L0P_6 showed no correlation to any of the moleculai- or 
bulk property descriptors when the catalysed and non catalysed systems were 
considered separately. The kac values significantly correlated with only one descriptor in 
the catalysed reactions - the melting point, with a coefficient of -0.88. The induction 
time showed significant correlations to the percentage of tertiary and secondary centres, 
the molecular weight and the density of the liquid. The results are shown in Table 3.8. 
Again values in italics are insignificant (< ±0.8). 
Table 3.8 Correlation coefficients for the induction time in the degradations of aromatic 
hydrocarbons. 
%CH %CH2 BI MW Den 
No cat -0.99 O.Jg -0.96 -077 
Cat -0.77 Ojw -0.75 o^a -&82 
The plots of these trends are shown in Figure 3.33 to Figure 3.38. Although there is a 
lack of data in some of these plots an excellent correlation between the induction time 
and the percentage of tertiary centres is seen for the aromatic compounds in non 
catalysed systems. 
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These results suggest that the most stable aromatic compounds are those with less 
tertiary centres (%CH), more secondary centres (%CH2), high molecular weights (MW), 
low densities (Den) and low melting points (m.p.). Induction time seems to be the most 
effective oxidation parameter for modelling aromatic hydrocarbon stability. 
As seen for naphthenes, larger aromatic molecules are more stable. As seen for paraffins 
low density hquids make more stable aromatics. Unlike naphthenic and paraffinic 
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compounds, there is an inverse relationship between molecular weight of the aromatic 
compound and the density of the liquid. Therefore these bulk property measurements 
are, like naphthenic compounds, suggesting that larger molecules are more stable. 
Aromatic compounds have shown trends between some of the molecular descriptors and 
the induction times, Figure 3.33 to Figure 3.35. Tertiary centres are often thought to 
reduce the stability of a molecule as they have more labile hydrogens and produce more 
stable alkyl radicals after H-abstraction. In aromatic compounds secondary and tertiary 
centres are only available in alkyl side chains. The results suggest that a large alkyl side 
chain will make the molecule more stable; affording it more paraffinic rather than 
aromatic character. These trends are tentatively stated here as the induction time values 
for the catalysed aromatic reactions are all very small and the differences between them 
become irrelevant when all hydrocarbons are compared. 
3.7 Effects of the catalyst 
All mono component degradations have been undertaken with and without the presence 
of copper(n) acetate. This is to further simulate engine conditions by the presence of 
small amounts of transition metal ions. The catalyst is seen to affect the oxidation of 
each hydrocarbon differently. Below is a discussion of how the catalyst affected 
hydrocarbon degradation. 
Use of a catalyst changes the profile of the degradation curves for some of the 
hydrocarbons contained within this project. It is therefore extrapolated that the catalyst 
can also change the mechanistic pathways of autoxidation. For perhydrofluorene (one of 
the naphthene class of hydrocarbons) the use of a catalyst has increased the oxidation 
endpoint from 8 % (mol/mol) conversion after 6 hours to 59 % (mol/mol) conversion 
after six hours. On the other hand the degradation of /-butycyclohexane in the presence 
of a catalyst has decreased the oxidation endpoint from 41 % (mol/mol) to 18 % 
(mol/mol). The positive and negative responses to the presence of the copper splits the 
hydrocarbons in the library so that when all hydrocarbons are compared together in 
catalysed and non catalysed reactions (Table 3.9), no significant differences are seen in 
the %LOP_6 or the rates of reaction. However, it is conclusively found that the presence 
of the catalyst decreases the induction time. 
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Table 3.9 Average oxidation parameters for all hydrocarbons. 
Profile shape %L0P_6 kac (XIO " kar (xlO"^ mol IT 
(mode average) (%) mol dm"^  s"^ ) dm^ s'^ ) (h) 
Non catalysed 1 41.27 5.08 2.94 1.67 
Catalysed 3 3&43 4.47 238 0.44 
The differences in the oxidation parameters between non catalysed and catalysed 
systems are presented in Table 3.10 below. Suppression and acceleration of 
autocatalysis is observed. Positive values indicate that the catalyst has increased the 
parameter value, which for kac and %L0P_6 suggests acceleration of autoxidation. 
Negative values for kac and %LOP_6 indicate where the catalyst has suppressed the 
reaction. All induction time values have decreased, denoting a greater instability of each 
hydrocarbon in the presence of copper. 
Table 3.10 Difference in oxidation parameters going from non catalysed to catalysed systems 
Non cat Cat %LOP kac (xlO"® mol 
Hydrocarbon profile profile _6(%) dm"^  s'^ ) IT(h) 
Bicyclohexyl 1 2 -12.7 -4.59 -4.00 
n-Butylbenzene 1 3 16.3 3.10 -2.05 
^-Butylbenzene 2 3 -6.5 0.46 -0.21 
/-Butylcyclohexane 2 3 -23.8 -3.87 -1.64 
n-B utylcyclohexane 1 2 -13.1 -1.08 -1.10 
r-Butylcyclohexane 1 1 21.9 1.41 -2.14 
Decalin 2 3 -21.9 -4.44 -0.35 
c-Decahn 3 2 -32.7 -2.57 -0.28 
r-Decalin 2 3 -25.7 -4.97 -0.92 
Decane 1 1 4.9 -0.79 -3.10 
1,5-Dimethyltetralin 2 3 -3.6 -0.53 -0.33 
M-Heptylcyclohexane 2 2 -21.7 -3.39 -1.57 
n-Hexadecane 1 3 -2.0 -0.92 -0.99 
/-Hexadecane 3 3 8.2 0.88 -0.24 
Perhydrofluorene 1 1 51.7 13.45 -0.89 
Phenylcyclohexane 2 2 -8.6 1.39 -0.23 
Phenyldecane 1 2 -3.6 -0.21 -2.12 
Pristane 3 1 10.2 -2.66 -0.27 
Squalane 2 3 8.8 0.47 -0.84 
How each hydrocarbon has been affected by the presence of copper ions during the 
oxidation reaction is listed below. No hydrocarbon class (paraffinic, naphthenic or 
aromatic) has shown a preference for catalyst acceleration or suppression. 
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Hydrocarbons that show 
autoxidative suppression in 
the presence of copper. 
Hydrocarbons that show 
autoxidative acceleration in 
the presence of copper. 
Hydrocarbons that remain 
unaffected by the presence 
of copper (<+4%). 
1,5-Dimethyltetralin 
n-Hexadecane 
Phenyldecane 
Bicyclohexyl 
5-Butylbenzene 
/-Butylcyclohexane 
n-Butylcyclohexane 
Decalin 
c-Decalin 
/-Decalin 
n-Heptylcyclohexane 
Phenylcyclohexane 
Suppression of autoxidation by deliberately added copper salts has been previously 
n-Butylbenzene 
f-Butylcyclohexane 
Decane 
/-Hexadecane 
Perhydrofluorene 
Pristane 
Squalane 
noted in the literature, at high catalyst concentrations. 102-106 Knorre et ai, who 
catalysed the autoxidation of n-decane with copper stearate, found that as the catalyst 
concentration was increased the copper salt switched from catalyst to inhibitor, greatly 
increasing the induction time/^^ The explanation for this phenomenon was thought to 
be from the termination of radical chains by uncomplexed metal ions in solution as they 
react with peroxyl and alkyl radicals, shown in Equations [1.43] and [1.44] below."^ '^ 
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R02 ' + M"+ • 
R . + 
j^(n+i)+ inactivates 
• + inactivates 
[3.1] 
[3.2] 
The equilibrium concentration of uncomplexed metal ions is dependent on the 
hydroperoxide concentration. It has been noted that the metal ions directly complex to 
the hydroperoxides during autoxidation and thereby decompose them."^ '^ At low 
catalyst concentrations, below that of the hydroperoxides present, all metal ions are 
bound. As catalyst concentration increases above that of the hydroperoxides, unbound 
ions are available to terminate radical chains. 
Two hydrocarbons in the hydrocarbon library, decane and decalin, both CIO compounds 
with varying degrees or branching, show opposite responses to the catalyst. The 
autoxidation of decalin appears to be suppressed by the catalyst whereas the 
autoxidation of decane is accelerated by the catalyst. Looking at Figure 2.8 in Chapter 
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2, which shows the dependence of the rate of autocatalysis for decane and decalin on the 
catalyst concentration, it is observed that for decalin between 0-1500 ppm the copper(II) 
acetate catalyst does not act as an accelerant to autoxidation at any concentration level. 
For decane an increase in the rate of autoxidation is observed going from 0 to 50 ppm, 
after this concentration however the catalyst concentration does not affect the rate. 
These results suggest that the concentration of the catalyst is not affecting the role 
played by the catalyst in these two systems. 
The differences in the reaction profiles for decane and decalin in catalysed and non 
catalysed systems are observed in conjunction with marked differences in the 
concentration profile of the detectable CIO hydroperoxide concentration. The 
degradation of decane shows that as the hydroperoxides increase so does the percentage 
conversion to LOPs, Figure 3.40. The degradation of decalin also shows this, high 
levels of hydroperoxides lead to high conversions to LOPs. The distinct maxima seen 
in the concentration profiles for the hydroperoxides appear to be signifying the point at 
which the period of autoretardation occurs. 
The concentration profile for the detectable hydroperoxides during the autoxidation of 
decane in the catalysed system shows much lower levels of hydroperoxides in solution 
than that of the non catalysed system. The destabilisation of the hydroperoxides by the 
presence of the metal ions could cause an increase in the production of free radicals and 
thereby the acceleration of autoxidation. The concentration profile for the detectable 
hydroperoxides during the autoxidation of decalin suggests something different. The 
lower hydroperoxide concentrations due to the presence of the catalyst are observed in 
conjunction with lower rates of autocatalysis and autoxidative suppression. For decalin, 
lower ROOH concentrations could lead to less degradation due to the lower amount of 
free radicals produced by their decomposition. 
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Figure 3.39 Affect of hydroperoxide concentration (dashed lines) on the reaction profiles (solid 
lines) of decane in catalysed and non catalysed systems. 
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Figure 3.40 Affect of hydroperoxide concentration (dashed lines) on the reaction profiles (solid 
lines) of decalin in catalysed and non catalysed systems. 
It could be postulated that decane and decalin are showing the same result, except that 
the slower reaction of decane means that the maxima in the hydroperoxide 
concentration and thereby the period of autoretardation does not occur within the time 
frame given for the experiment. Decane was additionally degraded with catalyst for 10 
h, however still no maximum in the hydroperoxide concentration was observed. It is 
also noted that a period of autoretardation in the degradation of other hydrocarbon non-
catalysed systems is not synonymous with having the copper act as an autoxidation 
inhibitor. 
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This is an interesting observation and surely warrants further investigation, however 
further experimentation into the action of the copper on hydroperoxide decomposition 
was deemed outside the realms of this project. 
3.8 Conclusions 
A large amount of data has been produced to describe the oxidative stability of the 
various hydrocarbons contained within the Ubrary of this project. No one class of 
hydrocarbon has proven itself to hold greater stability than the others. Contradictory 
observations about what makes the most stable hydrocarbon are seen in paraffinic and 
naphthenic classes. It appears that the inability to find any significant trends when all 
hydrocarbon classes are considered together is a result of a reversal of observed trends 
between naphthenic and paraffinic hydrocarbons. For naphthenic and aromatic 
compounds, small molecules have been shown to be the least stable whereas the reverse 
is seen for paraffins. The presence of a carbon ring system therefore could be said to be 
significant to hydrocarbon stability. Although no statistical correlation between 
molecular properties and oxidative stability has been confidently stated for all 
hydrocarbons under all conditions, the number of saturated rings was the closest out of 
all descriptors to showing a trend with the induction time (correlation coefficient = 
0.43). The larger the number of saturated rings the longer the induction time and the 
more stable the hydrocarbon becomes. 
Overall the most stable hydrocarbon has been found to be the very sterically hindered i-
hexadecane molecule and the least stable the largest studied hydrocarbon; squalane. 
Squalane has a high number of tertiary centres leading to a large number of labile 
hydrogens, which could be intuitively concluded as to the reason for its instability. 
As a model of oxidative stability the induction time has proven to be the best oxidation 
parameter in both naphthenic and aromatic classes, but the worst in the case of 
paraffins. On the whole, molecular properties have been less useful in forming trends 
than the bulk properties. It is considered that the molecular properties used in this 
project are insufficient to thoroughly describe a molecule. For example the two isomers 
of decalin, cis and trans have the exact same molecular descriptors but the cis isomer 
has proven to be less stable to oxidation than the trans isomer. Figure 3.41. 
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Figure 3.41 Reaction profiles for the degradation of c-Decalin without catalyst ( • solid line), c-
Decalin with catalyst (• solid line), f-Decalin without catalyst (A dashed line) and r-Decalin 
with catalyst ( • dashed line). 
The greater stability towards oxidation of the trans isomer is easily explained by 
looking at the steric difference between these molecules. Figure 3.42. It can be seen that 
the hydrogens in this cis isomer are comparatively more sterically free for attack by 
oxygen. This observation has been noted by two other sources, Patino et al during their 
investigation into the oxidation of cycloalkanes with low pressure oxygen plasmas, 119 
and Song et al who investigated the pyiolytic stability of these two isomers. 120 
H H 
Figure 3.42 Steric differences between cis and trans isomers of decalin. 
The branching index (BI) was considered to encompass some of the steric differences 
between molecules. BI is a measure of the number of branch points in a molecule, in a 
paraffinic hydrocarbon a high branching index leads to a high proportion of quaternary 
and primary centres, leading to the assumption high BI = high stability. In naphthenic 
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hydrocarbons a high BI can lead to tertiary centres without any analogous methyl 
centres, such as fused ring systems (e.g. decalin and perhydrofluorene). This would lead 
to the assumption that high BI = low stability. The branching index therefore becomes 
unsuitable to describe all hydrocarbons naphthenic and paraffinic, and does not 
distinguish at all between conformational isomers. 
As a solution the molecular volume per carbon of a molecule is considered to be a way 
of numerically incorporating the sterics of a molecule. Assessment of molecular shape 
by volume calculation is not a new concept and has been used for many years to design 
new drug molecules.'^' However, such calculations are outside the scope of this project. 
The catalyst used in this investigation significantly affected the hydrocarbon 
degradation. Most predominantly it has shown to increase solid deposit formation and 
decrease the induction time, making hydrocarbons less stable. Each hydrocarbon has 
also been shown to have different responses to the catalyst, either as a suppressant or an 
accelerant. This response appears to be related to the accumulation of hydroperoxides in 
the system, where low hydroperoxide concentrations are either seen to increase or 
decrease the rate of autocatalysis. However, further investigation into the action of the 
copper on hydroperoxide decomposition was deemed outside the realms of this project. 
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4 Mechanistic Pathways in the Autoxidation of Decane 
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4.1 Introduction 
The problems associated with lubricant degradation have stimulated a substantial 
amount of research into this area, see Chapter 1. The process by which lubricants 
degrade has been firmly established as a free radical oxidation p roces s .Many groups 
have examined the oxidation of fully formulated lubricant base oils,'°' 
but the physical and chemical complexity of these systems has thwarted resolution of 
the reaction pathways, kinetics and mechanisms. The complexity of a process in which 
hundreds of species undergo simultaneous reactions has motivated much experimental 
work with model lubricant oils, including pure hydrocarbons. Apart from an extremely 
detailed study on the autoxidation of cyclohexane by Hermans et al.,"^ ^ most of the 
progress in developing reaction mechanisms for lubricant degradation has involved 
straight chain paraffins.^^' 
The most up-to-date work concerning the mechanistic modelling of lubricant oils uses 
automatic mechanism generation to identify dominant reactions paths and important 
intermediates.'^"^ This technique is reliant on inputting elementary reaction steps into a 
computer program with their associated rate constants. Based on the model by 
Pfaendtner et al. each of the elementary reactions steps have been identified as 
belonging to a 'reaction f a m i l y ' . T h e s e are: 
Initiation Reactions 
4.1 Primary initiation RH + O2 R* + HOO* 
4.2 Hydroperoxide bond fission ROOH RO* + HO* 
4.3 Hydroperoxide decomposition RH + R'OOH —> R» + R'O* + H2O 
Propagation Reactions 
4.4 Oxygen addition R* + O? ROO* 
4.5 Alkoxy p-scission RCH(R')0« RC(0)H + R'« 
4.6 P-Scission 'ROOH —> QO + *0H 
4.7 Hydrogen transfer R 0 0 « + R'H ^ ROOH + R'* 
Termination Reactions 
4.8 Disproportionation A. 2R00* —> QO + ROH + O2 
4.9 B. 2ROO' 2R0- + O2 
4.10 Recombination 2R* RR 
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Other Reactions 
4.11 Bayer-Villiger reaction RCOH + R C ( 0 ) 0 0 H 2RC(0)0H 
This chapter contains a discussion of the oxidation of decane in terms of each type of 
oxidation product formed with regard to the sufficiency of these elementary reaction 
steps to encompass the process of hydrocarbon autoxidation. This hydrocarbon has 
been singled out due to the simplicity of looking at a straight chain alkane, the 
commercial availability of most of decane's oxidation products for retention time 
comparisons and response factor calculations, and the large amount of literature 
precedent for the oxidation of this compound.^^' Mechanisms discussed in 
this chapter are considered without any additional catalytic effects. 
hi this section initial concentrations are given for some oxidation products. These initial 
concentrations were determined from the earliest reaction sample aliquot that shows a 
significant (>1.5 mM) concentration of the oxidation product under investigation. 
These values are more useful than end point concentrations for the comparison of regio 
isomers or product families, as they give more precise information on predominant 
formation pathways and reduce the effect of decomposition pathways on final product 
concentration. 
All products, except hydroperoxides, were stable to the GC conditions used to analyse 
product concentrations. The latter, however, is known to thermolyse in the gas 
chromatograph and an alternative method of analysis had to be developed to obtain 
specific concentrations of this type of compound. The analysis of hydroperoxides made 
use of the established, clean and quantitative room temperature reduction of 
hydroperoxides to alcohols by triphenylphosphine.""^ Goosen and Morgan performed a 
study on the thermolysis of 2-decyl hydroperoxide under similar GC conditions to those 
used in this project.®" The products of thermolysis were found to be 2-decanone (47%) 
and 2-decanol (10%). After treatment with triphenylphosphine, 2-decyl hydroperoxide 
gave a close to quantitative yield of 2-decanol. Therefore, direct analysis of oxidation 
reaction aliquots before triphenylphosphine reduction gave yields of all chain scission 
products and isomeric decanols (with an error of -10%). The analysis of the oxidation 
reaction ahquots after triphenylphosphine reduction gave the yields of isomeric 
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decanones, and the difference between the two analyses gave the yields of isomeric 
decyl hydroperoxides. 
In a study of the oxidation of ethylbenzene, Evans and Smith concluded that the major 
product, 1-phenylethyl hydroperoxide, thermolysed under their GC conditions, into 
acetophenone without producing any of the analogous alcohol.'"^ Having also used 
triphenylphosphine reduction to analyse hydroperoxide concentrations, they assumed no 
error in the calculation of alcohol concentrations. Triphenylphosphine reduction has 
been used to quantify the hydroperoxides produced in the degradation of all 
hydrocarbons within this project. It is noted, however, that there could be an 
undetermined amount of error in the calculation of the concentration of alcohols, as the 
products of hydroperoxide thermolysis, under the GC conditions used, have not been 
determined. 
A full table of all the oxidation products detected, identified and quantified in the 
autoxidation of decane for each time point is given in Appendix Table A4. 
4.2 Formation of Hydroperoxides, Decanols and Decanones in the 
Autoxidation of Decane 
The primary products of decane autoxidation are isomeric decyl hydroperoxides. Figure 
4.1, which is also corroborated in numerous other paraffin o x i d a t i o n s . T h e formation 
of these compounds has been well established to occur via hydrogen transfer from the 
bulk material to a peroxyl radical. Equation 4.7.^^ No hydroperoxides were observed as 
a bifunctional species, from chain scission products or polycondensation products. The 
absence of any other type of detectable hydroperoxide is accounted for by their low 
concentrations and not because they have not been formed. 
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Figure 4.1 Concentrations of isomeric decyl hydroperoxides, decanols and decanones from the 
oxidation of decane. 
The production of alcohols and ketones, the secondary products of autoxidation, has 
also been well studied; see Chapter 1. Many routes to their production have been 
proposed. These routes have been grouped together and depicted in Figure 4.2. 
OOH 
R 
-HO % o 
RH 
Hydrogen Transfer^ 
R 
Initiation 
0 
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Disproportionation B. 
RO'.O 
Disproportionation A. 
Figure 4.2 Production of alcohols and ketones. 
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The concentration profiles for isomeric decyl hydroperoxides, decanones and decanols, 
show that hydroperoxides and alcohols are formed prior to ketones for the autoxidation 
of decane. Figure 4.1. The maxima in the hydroperoxide concentration is believed to 
occur when bimolecular hydroperoxide decomposition becomes more significant due to 
its increased concentration."^"^ After the maxima, although no data for this is obtained 
here, hydroperoxides have been reported to reach a steady state concentration that holds 
even if more hydroperoxide is added.^° 
The rate of alcohol and ketone formation appears to decrease as the hydroperoxide 
concentration reaches its maximum value. This has been noted by Blaine and Savage, 
who suggest that this is evidence that alcohols and ketones are produced exclusively 
from hydroperoxides.^^ If this was the case a linear trend would be apparent between 
the concentration of hydroperoxides and the rate of formation of alcohols and ketones. 
This is not observed here, Figure 4.3 shows how the rate of 3-decanol and 3-decanone 
vary with hydroperoxide concentration. No linear trend is observed for either the 
alcohol or the ketone. 
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Figure 4.3 Rate of formation for 3-decanol and 3-decanone against the concentration of 3-decyl 
hydroperoxide during the autoxidation of decane. 
However, it can be seen that at low decanol concentrations the rate of formation of 3-
decanone is dependent on the concentration of 3-decanol, Figure 4.4. 
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Figure 4.4 Rate of formation for 3-decanone against the concentration of 3-decanol during the 
autoxidation of decane. 
This is in agreement with Puchkov et al. who proposed that the predominate 
decomposition route for an alcohol is into a ketone via the elimination of HOO* from a 
1-hydroxyalkylperoxyl radical as detailed below for 2-decanol in Figure 4.5.^' This 
reaction pathway has been ignored by Pfaendtner et al. in their mechanistic model of the 
autoxidation of decane. 
OH 
124 
OH 
O, 
-HOO OH 0 0 ' 
Figure 4.5 Production of 2-decanone from 2-decanol 61 
Compaiison of the GC retention times for 4-decanone and 5-decanone shows that these 
two peaks are irresolvable. The same pattern of decanones and decanols in the gas 
chromatograph has led to the assumption that 4-decanol and 5-decanol are also merged 
into one, Figure 4.6. Analysis of these peaks has therefore led to the identification of 
four isomeric decyl hydroperoxides, decanols and decanones, although the 
quantification of the 4 and 5-position isomers are grouped. 
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Figure 4.6 Section of the GC chromatogram to show isomeric decanones and decanols as they 
occur in the autoxidation of decane. 
The initial concentrations for each isomeric decyl hydroperoxide, decanol and decanone 
are presented in Figure 4.7. Retention time comparisons have proved that decanal 
appears as a shoulder peak on 3-decanol, however this compound has not been detected 
in this study. Hydrogen abstraction, the initial step in forming a hydroperoxide, is 
recognised to occur at any of the secondary centres along the molecular backbone/^ and 
is less predominant in the primary position. This is as observed here in the autoxidation 
of decane. Figure 4.7. 
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Figure 4.7 Distribudon of isomeric decyl hydroperoxides, decanols and decanones at their 
initial concentrations during the autoxidation of decane. 
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Few kinetic models take into account the difference in abstraction rates for 2, 3, 4,.. 
position hydrogen atoms for larger than C5 compounds. Primary H atom abstraction is 
often taken out of the equation altogether.'"^' Here it is found that primary 
hydroperoxides account for approximately 4 % of the total peroxide concentration. 
A similar distribution is not seen between the ratio of the isomers for decanols, 
decanones and decyl hydroperoxides. Similar ratios would indicate a common 
precursor (i.e. peroxyl radicals), as has been noted in other paraffin autoxidation 
reactions. 
It is considered here that all reactions in Figure 4.2 are occurring during the degradation 
of decane without any major dominate route to alcohol and ketone production. As 
alcohols are observed to form prior to ketones, and their concentrations remain 
inequivalent in the early stages of reaction, it is suggested that during the initial stages 
of reaction alcohols are mostly formed from alkoxyl radical hydrogen transfer, ketones 
being most likely formed from alcohols. Simultaneous production of alcohols and 
ketones through disproportionation A. (Equation 4.8) shows no dominance at any stages 
of the reaction as seen by the inequivalence of alcohol and ketone concentrations at all 
stages of reaction. 
4.3 Formation of Cleavage Products in the Autoxidation of Decane 
Chain scission products in the degradation of decane have been identified as aldehydes, 
methyl ketones, alkanes, y-lactones, and carboxylic acids, addressed in their order of 
appearance. Figure 4.8. 
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Figure 4.8 Concentration profiles for chain scission products in decane autoxidation. 
Precedent has been found for the formation of these cleavage products in other alkane 
oxidation reactions. In the autoxidation of n-hexadecane by Jensen et al, the major 
cleavage products were found to be carboxylic acids and methyl ketones, with minor 
products including aldehydes, esters and y-lactones.^^ However, they report no 
information upon the detection of alkanes, the other chain scission product detected 
within this project. Alkanes were however detected by Boss and Hazlett in the 
autoxidation of n-dodecane, along with carboxylic acids, aldehydes, esters, lactones, 
and unspecified substituted ketones in trace amounts. 
The subsequent section goes through each chain scission product family and discusses 
their most likely route of formation based upon their product distributions and literature 
proposals. 
4.3.1 Aldehvdes 
Aldehydes were detected as the first chain scission product to appear in the autoxidation 
of decane. C5-C9 aldehydes were detected and their concentrations as they initially 
formed, after 2 h, are shown in Figure 4.9Aldehydes with chain lengths of less than five 
carbons were not detected as they overlap with the solvent peak in the GC 
chromatogram, although they are expected to have fonned. 
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Figure 4.9 Concentration of aldehydes after 2.5 h of reaction during the autoxidation of decane. 
Most literature sources agree that the major route to aldehyde production is via alkoxyl 
P-scission, Equation 4.5 and Figure 4.10. For decane five alkoxyl radical isomers are 
possible. Table 4.1 shows how the substitution pattern of the alkoxyl radical effects 
aldehyde production. It is noted that an alkoxyl radical can fonn two different 
aldehydes depending on which C-C bond is broken. An example is given for 4-decoxyl 
radical in Figure 4.11. 
O* O 
+ R« 
R" H 
Figure 4.10 Aldehyde production from the P-scission of an alkoxy radical in the degradation of 
decane. 
Left hand side Right hand side 
Figure 4.11 Chain scission in alkoxyl ^-scission. 
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Table 4.1 Aldehyde products from isomeric decoxyl radical P-scission. 
Position of alkoxyl radical Aldehyde from left hand side 
P-scission 
Aldehyde from right 
hand side p-scission 
1-position Decanal Fonnaldehyde 
2-position Acetalaldehyde Nonanal 
3-position Propionaldehyde Octanal 
4-position Butyraldehyde Heptanal 
5-position Valeraldehyde Hexanal 
A 5-postion alkoxyl radical can produce either valeraldehyde or hexanal. Due to the 
similarity in chain lengths of 5 and 6 carbons, chain scission is just as likely to occur on 
the right or left hand side of substitution. This is reflected in the initial concentrations 
of hexanal and valeraldehyde, Figure 4.9. 
Significantly more octanal is formed over nonanal, although predominance of attack is 
seen at the 2-position for the formation of hydroperoxides and alcohols. This is 
considered to be due to 2-position alkoxyl radical more readily undergoing P-scission 
on the left hand side forming the more stable octyl radical (and acetalaldehyde) over a 
methyl radical (and nonanal). This can be seen by looking at the heat of formation for 
each primary alkyl radical, with available data, from its parent alkane, Figure 4.12.'^' 
Methyl Ethyl Propyl But}l Pent) 1 Hex\i 
u-Alkvl radical 
Figure 4.12 Heats of formation for primary alkyl radicals. 131 
No decanal or formaldehyde have been detected but it is expected that significantly less 
of these compounds would form due to the 1-position being the least favoured position 
for attack. 
4.3.2 Methyl ketones 
A range of methyl ketones have been detected during the autoxidation of decane 
containing 5-9 carbons. Initial (5 h) concentrations are presented in Figure 4.13. 
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Figure 4.13 Concentration of isomeric methyl ketones at 5 h of reaction during the autoxidation 
of decane. 
Methyl ketones are not often mentioned in the literature on autoxidation of paraffins, 
however they are one of the major chain scission products detected here in the 
autoxidation of decane. Methyl ketones have been noted by Cullis et al. in the 
autoxidation of decane^^, by Jensen et al. in the autoxidation of hexadecane,^^ and by 
Brown and Fish in the oxidation of 2-methylhexadecane. 64 
Cullis et al. have proposed a route for the production of methyl ketones formed in the 
gas phase oxidation of decane, Figure 4.14.^^ They stated that this process will only 
occur during gas phase reactions due to the high activation energy of the intramolecular" 
hydrogen abstraction during liquid phase reactions leaving the initial equilibrium well 
over to the left hand side. They also make the point that intermolecular hydrogen 
abstraction by the initial peroxyl radical would be more probable than intramolecular 
abstraction and subsequent oxygen addition due to the low solubility of oxygen in 
decane during liquid phase oxidations. 
Although methyl ketones were also found in their liquid phase reactions they propose 
no mechanism for their liquid phase formation. They also offer no explanation of the 
exact mechanism for the last step. However, this pathway most importantly directs an 
a,y-attack needed in the formation of methyl ketones. Regioselectivity is enforced by 
the lower energy conformation state of the 6-membered ring transition state over 5/7-
membered rings during the initial intramolecular hydrogen abstraction. 
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Figure 4.14 Production of methyl ketones proposed by Cullis et al. for the gas phase oxidation 
of decane. 58 
Jensen et al. provide evidence that the precursor to methyl ketones is an a,y-
hydroperoxyketone, which can be formed from species I in Figure 4.14 through further 
intramolecular hydrogen abstraction and subsequent ^-scission of the dihydroperoxide 
radical via Equation 4.6. The mechanism is detailed below in Figure 4.15. Although a 
precise decomposition route is given, unlike that in Figure 4.14, this route causes the 
simultaneous production of methyl ketones and carboxylic acids. 
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Figure 4.15 Production of methyl ketones and carboxylic acids as proposed by Jensen et al.^^ 
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By looking at the concentration profiles for the chain scission products of decane 
autoxidation during the early stages of reaction, Figure 4.8, it can be seen that 
carboxylic acids become apparent much later than methyl ketones. 
The evidence provided by Jensen et al. that the precursors to methyl ketones are a,y-
hydroperoxyketones is overwhelming, but an adjustment to their mechanism so that 
there is simultaneous production of methyl ketones and aldehydes would fit much better 
with the data obtained here. An adjustment can be proposed from a mechanism 
presented by Hammond et al. during the autoxidation of 5-nonanone.®^ 
If the a,'y-hydroperoxyketone, species II, were to undergo hydroperoxide bond fission 
(Equation 4.2) or hydroperoxide decomposition (Equation 4.3), then the mechanism as 
proposed by Hammond et al. in Figure 4.16, could proceed. 
O OOH O O' 
R' R' R 
II 
R' 
O O 
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r A ; H J ^ R . 
solvent cage 
,b) 
R 
O O 
. L , 
Figure 4.16 Production of methyl ketones as proposed by Hammond et al. 66 
Each of the radicals produced from the diffusion pathway a) or b) could abstract a 
hydrogen from the bulk material producing a methyl ketone or an aldehyde respectively. 
However, they could also add oxygen to form peroxy radicals. Although pathway b) 
appears to be more favourable than pathway a) due to the lability of the aldehyde 
hydrogen and the greater stability of an acyl radical over an alkyl radical, Hammond et 
al. have found hydrogen abstraction inside the cage to be negligible. 
From the assumption that the correct mechanism is presented above, production of each 
methyl ketone during the autoxidation of decane would occur as listed in Table 4.2 
below. 
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Table 4.2 Methyl ketones formed in the autoxidation from isomeric decyl peroxy radicals. 
Peroxyl radical 
substitution 
a,y-Hydroperoxyketone Methyl ketone Aldehyde 
1-decyl peroxy 
radical 
3-hydroperoxyl decanal Acetalaldehyde Octanal 
2-decyl peroxy 
radical 
4-hydroperoxyl decan-2-one Acetone Heptanal 
3-decyl peroxy 
radical 
1-hydroperoxyl decan-3-one 
5-hydroperoxyl decan-3-one 
2-Nonanone 
Butanone 
Formaldehyde 
Hexanal 
4-decyl peroxy 
radical 
2-hydroperoxyl decan-4-one 
6-hydroperoxyl decan-4-one 
2-Octanone 
2-Pentanone 
Acetalaldehyde 
Pentanal 
5-decyl peroxy 
radical 
3-hydroperoxyl decan-5-one 
4-hydroperoxyl decan-6-one 
2-Heptanone 
2-Hexanone 
Propionaldehyde 
Butyr aldehyde 
If this route were correct it would be expected that 2-nonanone would be found in the 
smallest quantities. This is due to the increased energy required to remove a primary 
hydrogen over a secondary hydrogen and the stronger Me-C (BDE: 88.8 kcal/mol in 
pentane) bond over Et-C (BDE: 87.3 kcal/mol in pentane).^^' Figure 4.13 confirms this 
expectation. 
4.3.3 Alkanes 
Alkanes were produced in very small concentrations during the autoxidation of decane. 
Only nonane and octane were able to be detected, lower molecular weight alkanes 
overlapped with the solvent peak on the GC trace, thus precluding their detection. The 
concentrations of these alkanes are 2.18 and 0.58 mM for nonane and octane 
respectively after 6 h of reaction. The mechanistic model of decane autoxidation by 
Pfaendtner et al. ignores the possibility that alkyl radicals can abstract hydrogens or 
recombine to form chain scission a l k a n e s . T h i s is often found to be the case due to 
the fact that they are thought to react much faster with oxygen instead to form the 
peroxyl r a d i c a l , E q u a t i o n 4.4. 
The fact that chain scission alkanes are noted here and elsewhere, 65, 123 albeit in low 
concentrations and in systems that could have less than kinetic 0% concentrations, 
means that abstraction of a hydrogen or recombination by alkyl radicals must be 
occurring during autoxidation. Diffusion limitations of oxygen in solution makes the 
probability of an oxygen molecule coming into contact with an alkyl radical lower for 
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systems using a bubbler than for some of the high pressure apparatus used by other 
groups. 
Chain scission alkanes are most likely to be produced by the hydrogen abstraction or 
recombination of an alkyl radical after alkoxyl ^-scission (Equation 4.5). One 
possibility is for hydrogen abstraction to occur inside the solvent cage during this (3-
scission reaction. The aldehyde has an extremely labile hydrogen which makes it 
probable that alkyl radical could abstract the hydrogen before diffusion from the cage, 
path (b) Figure 4.17. Diffusion of the alkyl radical from the cage before abstraction, 
path (a), would mean that the radical now has three competing processes for its 
decomposition. The competing processes - hydrogen abstraction, radical recombination 
or oxygen addition - would either form alkanes or in the case of oxygen addition, a 
primary alcohol. Oxygen addition in the type of system used here is unlikely due to the 
short life times and high reactivity of alkyl radicals and the low oxygen pressures used 
making this process diffusion limited. Additionally oxygen is known to have low 
solubility in non-polar hydrocarbons such as the decane. 
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Figure 4.17 Formation of alkanes. 
Cullis et al. did not detect any chain scission alkanes, but did report low concentrations 
of primary alcohols in the oxidation of decane using a bubbler apparatus, however, they 
offer no explanation of how they were formed.^^ 
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The fate of alkyl radicals formed from the p-scission of an alkoxyl radical is little 
discussed in literature, although aldehydes are always reported in significant 
concentrations and are considered to be formed predominantly from this process. 
The mechanism in Figure 4.17 could predict equivalent concentrations of alkanes and 
aldehydes, which is not observed here. Also the inequivalence of primary alcohol and 
aldehyde concentration in the experimentation of Cullis et al sheds no light on the fate 
of alkyl radicals from alkoxyl ^-scission. However, it is noted that due to the volatility 
of short chain alkanes their detection is problematic. 
4.3.4 Y-Lactones 
Esters and lactones have only been noted in previous studies of paraffin autoxidation at 
the latter stages of reaction, and are usually the last class of oxidation product to be 
formed.^^' Similar behaviour can be observed here in the degradation of decane. 
Although no esters have been detected, a range of y-lactones were. The product 
distributions during initial formation (5 h) are shown in Figure 4.18. 
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Figure 4.18 Concentration of y-lactones at 5 h of reaction during the autoxidation of decane. 
The mechanism of formation for y-lactones is thought to occur from a,5-
ketohydroperoxides.^^ Formation of this precursor could occur by direct y-attack to the 
carbonyl or by an analogous route to the a,y-ketohydroperoxide precursor for methyl 
ketone production. This route would proceed via a 7-membered ring transition state 
rather than the 6-membered ring transition state for a,y-ketohydroperoxide as shown in 
Figure 4.14. The excess energy for this intramolecular hydrogen abstraction is 
considered to cause a 10 -^10"^ fold decrease in the rate of gamma over beta abstraction 
to the peroxyl radical. 132 
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An alternative route to a,5-ketohydroperoxides could be from y attack to the caibonyl 
which is thought to be just as favourable as beta attack and about 3 times less likely than 
alpha.^^ This second model therefore fits better with the concentration data presented 
here. This route as proposed by Hammond et al. is depicted in Figure 4.19.^® 
O 
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R' 
OOH O. 
0 . R' 
R' 
O 
-R 
Q 
R'- + 
Figure 4.19 Formation of y-lactones proposed by Hammond et al. 66 
-R 
The pathway illustrated above in Figure 4.19 suggests that ketones are the precursors to 
y-lactones via a,5-ketohydroperoxides intermediates. Consequently, during the 
autoxidation of decane, each regio isomer of the identified decanones would produce 
different lactones. Table 4.3 lists these data. 
Table 4.3 Production of y-lactones from isomeric decanones. 
Ketone a,5-Ketohydroperoxide y-Lactones 
Decanal l-Oxo-4-decyl hydroperoxide Decalactone 
2-Decanone 2-Keto-5-decyl hydroperoxide Nonalactone 
3-Decanone 3-Keto-6-decyl hydroperoxide Octalactone 
4-Decanone 
4-Keto-7-decyl hydroperoxide 
4-Keto-1 -decylhydroperoxide 
Heptalactone 
Butyrolactone 
5-Decanone 
5-Keto-8-decyl hydroperoxide 
5-Keto-2-decyl hydroperoxide 
Caperolactone 
Valerolactone 
Goosen and Kinderman predict a route to y-lactones during their investigation into the 
degradation of decane which, like the a,y-ketohydroperoxide precursor for methyl 
ketones, goes via a 6-membered transition state, Figure 4.20. 
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Figure 4.20 Production of y-Lactones as predicted by Goosen and Kinderman. 133 
The formation of y-lactones as proposed by Goosen and Kinderman therefore relies on a 
hydroperoxide rather than a ketone precursor. Table 4.4 outlines the how the 
substitution of each isomeric decyl hydroperoxide determines which y-lactone is 
produced. It is observed that the substitution of the hydroperoxides and the ketones lead 
to the same y-lactone. 
Table 4.4 Production of y-lactones f rom isomeric decyl hydroperoxides. 
Hydroperoxide Hydroxy ketone y-Lactones 
1-Decyl 
hydroperoxide 
4-Hydroxy-decanal Decalactone 
2-Decyl 
hydroperoxide 5 -Hydroxy-decan-2-one Nonalactone 
3-Decyl 
hydroperoxide 6-Hydroxy-decan-3-one Octalactone 
4-DecyI 1 -Hydroxy-decan-4-one Butyralactone 
hydroperoxide 5 -Hy dr oxy-decan-7 -one Heptalactone 
5-Decyl 2-Hydroxydecan-5 -one Pentalactone 
hydroperoxide 6-Hydroxydecan-3-one Hexalactone 
131 
Chapter 4. Mechanistic Pathways in the Autoxidation of Decane 
The rate of the formation of y-octalactone has been plotted against the concentration of 
3-decanone and 3-decyl hydroperoxide in Figure 4.21 and Figure 4.22 respectively. It 
can be seen that the rate of y-octalactone production is not proportional to the 
hydroperoxide precursor as proposed by Goosen and Kinderman, Figure 4.22. Although 
the curve in Figure 4.21 is also non-linear, it can be seen that the rate of y-octalactone 
production does increase with the concentration of 3-decanone. This suggests that 
ketones are the more likely precursors to y-lactones than hydroperoxides. 
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Figure 4.21 Rate of y-octalactone production against 3-decanol concentration during the 
autoxidation of decane. 
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Figure 4.22 Rate of y-octalactone production against 3-decyl hydroperoxide concentration 
during the autoxidation of decane. 
4.3.5 Carboxylic acids 
Carboxylic acids are widely reported oxidation products of paraffin oxidations. 
63-65,123 such there are also numerous proposals for their formation. The rate of 
carboxylic acid formation at the latter stages of reaction in the oxidation of decane is the 
highest for all of the oxidation products, Table 4.5. Therefore it is possible that they are 
produced by more than one route. 
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Table 4.5 Rate of formation for all oxidation product classes during the autoxidation of decane. 
Rate of formation after 6 h (10"^ M s'*) 
Hydroperoxides -2.90 
Alcohols 1.34 
Ketones -0.64 
Carboxylic acids 2 2 7 
Methyl ketones 1.54 
Aldehydes 0.19 
y-Lactones 0.66 
Alkanes 0.01 
C4-C8 carboxylic acids were identified in the autoxidation of decane, their distribution is 
presented in Figure 4.23. It is seen here that the larger the chain length of the acid, the 
lower its concentration. 
Butanoic Pentanoic Hexanaoic Heptanoic Octanoic 
Figure 4.23 Product distribution of carboxylic acids found in the degradation of decane at 5.25 
h. 
One route to caiboxylic acid production has been outlined above in Figure 4.15, as 
proposed by Jensen et al. during the production of methyl k e t o n e s . U s i n g this 
schematic, the distribution of carboxylic acid formation is shown in Table 4.6. 
However, it is obvious that this is not the only route as no nonanoic acid can be formed. 
Although this product was not detected in this degradation reaction it has been reported 
in other studies on the autoxidation of decane. 60 
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Table 4.6 Production of carboxylic acids as proposed by Jensen et 
Peroxyl radical a,y-hydroperoxy ketone Carboxylic Acid 
1-decylperoxyl radical 3-hydroperoxydecanal Formic acid 
2-decylperoxyl radical 4-hydroperoxydecan-2-one Ethanoic acid 
3-decylperoxyl radical 
5-hydroperoxydecan-3-one 
1 -hydroperoxydecan-3 -one 
Propanoic acid 
Octanoic acid 
4-decylperoxyl radical 
6-hydroperoxydecan-4-one 
2-hydroperoxydecan-4-one 
Butyric acid 
Heptanoic acid 
5-decylperoxyl radical 
4-hydroperoxyldecane-6-one 
3-hydroperoxyldecan-5-one 
Pentanoic acid 
Hexanoic acid 
Hammond et al. have also proposed a route to carboxylic acid production depicted in 
Figure 4.24.®® The evidence for the last step for the reaction between an aldehyde and a 
peroxy acid has come from Almquist and Branch.®^ Hammond et al. particularly 
favoured this reaction in their research into 5-nonanone, having found equimolar 
amounts of pentanoic and butanoic acid. 
R 
0 o o 
R' o, R'OO 
-O,, R"0 • 
R' 
O 
O HO. ,R ' O . R O 
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Figure 4.24 Carboxylic acid production as proposed by Hammond et al. 66 
Table 4.7 details the distribution of carboxylic acid from their ketone precursor as 
proposed by Hammond et al. 66 
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Table 4.7 Production of carboxylic acids as proposed by Hammond et alf'^ 
Ketone a,p-keto alkoxyl radical Carboxylic Acid 
Decanal l-oxo-2-decoxyl radical Nonanoic and Formic Acid 
2-Decanone 
2-keto-l-decoxyl radical 
2-keto-3-decoxyl radical 
Formic and Nonanoic Acid 
Octanoic and Ethanoic Acid 
3-Decanone 
3-keto-2-decoxyl radical 
3-keto-4-decoxyl radical 
Ethanoic and Octanoic Acid 
Heptanoic and Propanoic Acid 
4-Decanone 
4-keto-3-decoxyl radical 
4-keto-5-decoxyl radical 
Propanoic and Heptanoic Acid 
Hexanoic and Butanoic Acid 
5-Decanone 
5-keto-4-decoxyl radical 
5-keto-6-decoxyl radaical 
Butanoic and Hexanoic Acid 
2 X Pentanoic Acid 
One other route to carboxylic acid production is proposed by Hermans et al. during their 
investigations into the autoxidation of cyclohexane, Figure 4.25/^ This route is similar 
to that proposed by Hammond et al. above as they both involve the conversion of an 
acyl radical, path a) in Figure 4.24 and Figure 4.25, into a peroxy acid. If this were the 
sole route to carboxylic acids they would share the same distribution as the aldehydes, 
which is not observed here. 
O 
R H R' 
O O 
OOH R 
R* 
O 
+ ROH 
R "o . 
o 
2RH 
0 . . 0 H R 
O 
RH 
R OH 
+ HgO 
OH 
Figure 4.25 Production of carboxylic acids via peracids from aldehydes 
Although Hammond et al. were specifically investigating the autoxidation of a ketone, 
hence the ketone precursor to carboxylic acids, this route could still be occurring in the 
autoxidation of decane. By plotting the rate of carboxylic acid formation against the 
concentration of decanones and aldehydes. Figure 4.26 and Figure 4.27 respectively, it 
is seen that aldehydes are the most likely precursor to carboxylic acids in this system. 
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Figure 4.26 Rate of formation of octanoic acid against the concentration of 3-decanone in the 
autoxidation of decane. 
Coiiceiitriitiou of valeraldehyde (inRI) 
Figure 4.27 Rate of formation of valeric acid against the concentration of valeraldehyde in the 
autoxidation of decane. 
Hammond et al. investigated the autoxidation of nonanoic acid and found that it 
generated very low yields of the smaller acids. It was concluded that further oxidation 
of carboxylic acids is of minor significance in autoxidative p r o c e s s e s . H o w e v e r , this 
could be a reason as to why smaller acids are more prevalent. 
4.4 Autoxidation of 2-Decanol, 2-Decanone and 4-Decanone 
To further elucidate mechanistic pathways in the autoxidation of decane three of its 
secondary oxidation products have been degraded. These are 2-decanol, 2-decanone and 
4-decanone. The reaction profiles for the autoxidation of these compounds, along with 
the reaction profile of decane, are shown in Figure 4.28. 
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Time (h) 
Figure 4.28 Degradation profiles for the autoxidation of 4-decanone, 2-decanol and 2-decanone. 
Each secondary oxidation product is less stable to oxidation than its parent compound. 
It is considered that this is due to an increased rate of hydroperoxide decomposition as 
the now available hydrogen bonds weaken the O-O bond of the h y d r o p e r o x i d e . T h e s e 
compounds also may have better oxygen solubility now that they contain polar 
functionalities. 
The most reactive of the secondary oxidation products studied is 2-decanol. During the 
degradation of 2-decanol a 74 % conversion to LOPs after 6 h was observed. The major 
product of autoxidation was 2-decanone, which had a yield of 37 %, and accounted for 
50 % mol/mol of all LOPs. This is in agreement with Puchkov et al. who proposed that 
the predominate decomposition route for an alcohol is into a ketone via the elimination 
of HOO* from a 1-hydroxyalkylperoxyl radical as detailed above for 2-decanol in 
Figure 4.5.^' 
With such a predominat oxidation product it is difficult to dissociate the oxidation 
pathways related to the alcohol over the ketone. Therefore, the results must be analysed 
in conjunction with the analogous degradation of the pure ketone, 2-decanone. The 
analysis of the autoxidation of 4-decanone further elucidates oxidation pathways from a 
regio-chemical perspective. 
During the degradation of these compounds a variety of difunctional alcohols and 
ketones were formed in an analogous fashion to the decanones and decanols formed in 
the degradation of decane. The distinction between these compounds was problematic 
as the mass spectra and retention times for each were similar. As the production of 
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alcohols and ketones is well known, any further discussion will be limited to chain 
scission products. The proportion of chain scission products to difunctional 
hydroperoxides, alcohols and ketones varies with each compound under degradation. 
Table 4.8 lists these product distributions calculated as a ratio in mol% for decane and 
each of its secondary oxidation products. It is observed that chain scission products 
account for between 26 % (2-decanol) to 88 % (4-decanone). These data suggest that 
chain scission products are more predominate in ketone oxidations than alcohol 
oxidations. However, it should be noted that these values have been calculated using the 
concentrations of detectable compounds only and therefore can only be used as rough 
estimates. 
Table 4.8 Ratio of detectable Cio oxidation products to chain scission products (mol%) in the 
autoxidations of decane, 2-decanol, 2-decanone and 4-decanone. 
Compound 
Concentration of Cio 
hydroperoxides, alcohols 
and ketones at 6 h (mM). 
Concentration of all 
chain scission 
products at 6 h 
(mM) 
Ratio of Cio 
products to chain 
scission products (% 
mol/mol). 
Decane 480.0 407.3 54:46 
2-Decanol 480.0 164.9 743& 
2-Decanone 575^ 335.8 63:36 
4-Decanone 234j 1647.9 22:88 
The reaction profiles for each chain scission product family have been plotted in Figure 
4.29, Figure 4.30 and Figure 4.31 for 2-decanol, 2-decanone and 4-decanone 
respectively. The full concentration data for each oxidation product at all time points 
can be found for 2-decanol, 2-decanone and 4-decanone in Appendix Tables A5-A7 
respectively. 
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Figure 4.29 Concentration profiles for the formation of chain scission products in the 
autoxidation of 2-decanol. 
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Figure 4.30 Concentration profiles for the formation of chain scission products in the 
autoxidation of 2-decanone. 
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Figure 4.31 Concentration profiles for the formation of chain scission products in the 
autoxidation of 4-decanone. 
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For 2-decanol and 2-decanone, aldehydes and methyl ketones are formed prior to 
formation of carboxylic acids. This is therefore similar to the observations during the 
autoxidation of decane (see Figure 4.8). During the autoxidation of 4-decanone a large 
proportion of carboxylic acids are produced which obscure the aldehyde and to a certain 
extent methyl ketone GC peaks. The low levels of aldehydes and methyl ketones 
detected in the autoxidation of 4-decanone are due to incomplete resolution on the GC 
chromatographs. 
Table 4.9 lists the concentration of the chain scission products found after 6 hours of 
degradation for decane, 2-decanol, 2-decanone and 4-decanone. It can be seen that 4-
decanone produces a smaller range of chain scission products than either decane, 2-
decanol or 2-decanone. 
Table 4.9 Concentration of chain scission products from the autoxidation of decane, 2-decanol, 
2-decanone and 4-decanone after 6 h of reaction. 
Chain Scission Product Concentration at 6 h (mM) 
Decane 2-Decanol 2-Decanone 4-Decanone 
Butanoic Acid 73.00 13.20 5&08 854.51 
2-Hexanone 10.90 4.60 4.04 203.05 
Hexanal 15.00 249 4.00 a 
Octane 218 0.42 0.65 -
y-Butyrolactone 5J8 3.10 5.46 3.37 
Pentanoic Acid 55.16 837 38J0 77.84 
2-Heptanone 32,79 5.18 a a 
Heptanal 12.69 4.23 2 9 1 3.95 
Nonane 0.58 - - -
y-Varelolactone 14.77 16.29 19.74 317.35 
Hexanoic acid 2271 10.70 b 3 2 1 7 
2-Octanone 45.70 36.06 131.37 -
Octanal 9.42 21.19 11.55 -
y-Caprolactone 11.05 9.04 35^3 -
Heptanoic Acid 21.58 15.04 3&.76 391.97 
y-Heptalactone 10.38 10.07 10.72 31.74 
Octanoic Acid 2 1 6 3.84 23.44 -
y-Octalactone 6.40 &32 7.50 -
Nonanoic Acid - 2 7 a 8 11.96 -
2-Decanone 40.98 1923.37 - -
a - overlapped by compound above, b - overlapped by compound below in the GC 
chromatograms 
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The differences in the stability and thereby the extent of oxidation for each secondary 
oxidation product of decane make comparison of final concentrations difficult. 
Therefore it is useful to express these values as percentages of total detectable chain 
scission products. The products have been grouped into their oxidation product families 
and the values tabulated below in Table 4.10. 
Table 4.10 Percentage of the total chain scission products attributed to each oxidation product 
family after 6 h of reaction for decane, 2-decanol, 2-decanone and 4-decanone. 
Chain Scission Product Decane 2-Decanol 2-Decanone 4-Decanone 
Carboxylic Acids 4&6 39^9 40.5 7&8 
Methyl Ketones 254 23.1 36.1 10.6 
Aldehydes 10.5 14.1 4.4 0.2 
Alkanes 0.8 0.2 0.2 0.0 
y-Lactones n 6 22L6 18.9 18.4 
Final product distributions show that 4-decanone produces a large proportion of acids. 
2-Decanone produces slightly less carboxylic acid than decane, but produces 
significantly greater amounts of methyl ketones. The concentration of methyl ketones in 
the autoxidation of 2-decanone is weighted by the final concentration of 2-octanone 
(36.1 mM), which is the major chain scission product formed in this reaction. The 
proportion of aldehydes appears to be lower in the ketone degradations, however, for 4-
decanone not all the aldehydes could be detected due to overlap with the acid peaks. 
The proportion of y-lactones appears to be larger for 2-decanol and 2- and 4-decanone 
than in the original decane oxidation reaction. 
As with the preceding discussion of the chain scission products formed in the 
degradation of decane the following section is split into chain scission product families. 
The results from the degradations of 2-decanol, 2-decanone and 4-decanone are 
discussed in terms of how well they confirm or negate the conclusions drawn for 
decane. 
4.4.1 Aldehvdes 
Routes to aldehydes are not thought to go through alcohols or ketones. However, the 
addition of the carbonyl or hydroxyl group gives an insight in to their production. 
Figure 4.32 shows the distribution of aldehydes for decane, 2-decanol, 2-decanone and 
4-decanone at the time point for when all aldehydes were formed in significant 
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concentrations (>1.5 mM). These concentrations are teraied "initial concentration", to 
distinguish between final concentrations at 6 h, see Section 4.1 above. 
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I 2 - D e c a a o l ( l , 7 5 h) 
12-clecanone(1.171i) 
14-clecanone (3.58 h) 
Hexanal Heptanal Octanal 
Figure 4.32 Distribution of aldehydes in the autoxidation of decane, 2-decanol, 2-decanone and 
4-decanone expressed at the percentage of total chain scission products at their initial 
concentration. 
It can be seen that 2-decanone and 2-decanol produce significantly more octanal than 
hexanal or heptanal, and that 4-decanone produces more hexanal than heptanal. Figure 
4.33 details how alkoxyl (3-scission produces the various aldehydes during the 
autoxidation of 2-decanone. Table 4.11 and Table 4.12 list how the position of attack 
affects which aldehyde is produced in the autoxidation of 2-decanone and 4-decanone 
respectively. 
Figure 4.33 Example of alkoxyl ^-scission on 2-decanone. 
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Table 4.11 Production of aldehydes from 2-decanone. 
Position of attack Substitution of 
alkoxyl radical 
Products from 
LHS P-scission 
Products from 
RHS p-scission 
a 
1-position -
Formaldehyde + 
acyl radical 
3-position 
Octanal + acyl 
radical 
2-oxo-propanal 
+alkyl radical 
P 4-position 
Heptanal + alkyl 
radical 
3-oxo-butanal + 
alkyl radical 
Y 5-position 
Hexanal + alkyl 
radical 
4-oxo-pentanal + 
alkyl radical 
Table 4.12 Production of aldehydes from 4-decanone. 
Position of attack Substitution of 
alkoxyl radical 
Products from 
LHS p-scission 
Products from 
RHS P-scission 
a 
3-position 
2-oxo-octanal + 
alkyl radical 
Propanal + acyl 
radical 
5-position 
Hexanal + alkyl 
radical 
2-oxo-pental + alkyl 
radical 
P 
2-position 
3-oxo-nonanal + 
alkyl radical 
Ethanal + alkyl 
radical 
6-position 
Pentanal + alkyl 
radical 
3-oxo-hexanal + 
alkyl radical 
y 
1-position -
Formaldehyde + 
alkyl radical 
7-position 
Butanal + alkyl 
radical 
4-oxo-heptanal + 
alkyl radical 
These data suggest predominance for attack at the a-position to the hydroxy or carbonyl 
functionality. Hammond et al. also found predominance for a-attack during their 
investigation into 5-nonanone.®^ It also appears that |3 and y attack are approximately 
equally probable from the approximately equivalent concentration of heptanal and 
hexanal. This is also in agreement with Hammond et al, who state that p and y-attack 
are just as likely as each other and approximately three times less likely than a-attack. 
Here it is found that a-attack is also approximately three times more likely that (3 and y-
attack. 
Figure 4.33 shows that an oxo-aldehyde and an alkyl radical (RHS in Figure 4.33) or an 
aldehyde and an acyl radical (LHS in Figure 4.33) can be produced from the alkoxyl (3-
scission of a ketone. No oxo-aldehydes were detected here, however, Hammond et al. 
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states that p-scission only occurs between the carbonyl and the alkoxyl radical, 
producing acyl rather than alkyl radicals. 
The assessment of aldehyde distribution in the autoxidation reactions of 2-decanone and 
2-decanonol has shown that in the original decane autoxidation reaction methyl ketones 
(P-attack) and y-lactones (y-attack) should be equally as prevalent if they ai e both 
produced from direct attack to the carbonyl. This is not found to be the case, Figure 4.8. 
This leads to the conclusion that intramolecular- hydrogen abstraction is predominant for 
one or both of these chain scission products. 
4.4.2 Methvlketones 
The results from the degradation of decane suggest that the predominant route to methyl 
ketones was via the alkoxyl P-scission p to a carbonyl group (see Figure 4.16). This 
route was chosen over that proposed by Jensen et al, who published a route involving a 
5-membered peroxide ring (see Figure 4.15),^^ as methyl ketones were found to be more 
likely produced with an aldehyde rather than a carboxylic acid. 
Figure 4.34 shows the initial product distributions for y-lactones in the autoxidations of 
decane, 2-decanol, 2-decanone and 4-decanone. 
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Figure 4.34 Distribution of methyl ketones in the autoxidation of decane, 2-decanol and 2-
decanone and 4-decanone expressed at the percentage of total chain scission products at their 
initial concentration. 
It can be seen that the most predominant methyl ketone in the degradation of 2-decanol 
and 2-decanone is 2-octanone. For 4-decanone the most predominant methyl ketone is 
2-hexanone. A comparison of the production of methyl ketones from the two different 
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routes, one as proposed by Jensen et al. involving the 5-membered peroxide ring,^^ and 
another proposed by Hammond et al. involving alkoxyl P-scission,^^ are shown for 2-
decanone and 4-decanone in Figure 4.35 and Figure 4.36 respectively. 
HO O - O 
RH 
-R. 
Figure 4.35 Comparison of two routes to the production of methyl ketones in the autoxidation 
of 2-decanone 
O OOH 
O - O 
Figure 4.36 Comparison of two routes to the production of methyl ketones in the autoxidation 
of 4-decanone 
The product distribution shows that the precise mechanism for the production of methyl 
ketones cannot be drawn for this data in these systems. By the mechanism proposed for 
decane above in Section 4.3.2, 2-decanone should produce predominantly acetone and 
4-decanone should produce predominantly 2-pentanone and 2-octanone. As acetone and 
2-pentanone could not be detected here due to overlap with the solvent peak, it cannot 
be firmly concluded that either mechanism is more predominant. 
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4.4.3 y-Lactones 
In this investigation the route to y-lactones through a ketone rather than a hydroperoxide 
precursor is favoured, see Section 4.4.3. Therefore, based on the results in Table 4.3, 2-
decanone should produce y-nonalactone in highest quantities, and 4-decanone should 
produce y-heptalactone and y-butyrolactone in highest quantities. Figure 4.37 shows the 
initial product distributions for y-lactones in the autoxidations of decane, 2-decanol, 2-
decanone and 4-decanone. 
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Figure 4.37 Distribution of y-lactones in the autoxidation of decane, 2-decanol and 2-decanone 
and 4-decanone expressed at the percentage of total chain scission products at their initial 
concentration. 
No y-nonalactone has been detected in the degradation of 2-decanone. The most 
prevalent y-lactone in this system is found to be caprolactone. 2-Decanol has 2-
decanone as the major LOP and therefore it is also expected to produce predominantly 
y-nonalactone. Again y-nonalactone is not detected and the most abundant y-lactone is 
found to be y-valerolactone. 4-Decanone has produced y-heptalactone and y-
valerolactone in approximately equimolar amounts with lesser amounts of y-
butyrolactone observed. 
As with the methyl ketones above, the results of analysis of y-lactones are inconclusive 
due to the problematic detection of volatile compounds. It is possible for all the y-
lactones detected in Figure 4.37 to be formed from either the starting material or the un-
identified Cio difunctional alcohols and ketones, produced analogously to decanones 
and decanols in the reaction of decane. Without the distribution profiles of the Cjo 
difunctional products further conclusions cannot be drawn. 
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4.4.4 Carboxylic Acids 
During the autoxidation of decane the route to carboxyUc acids as proposed by Hermans 
et al. from an aldehyde precursor was favoured, Figure 4.25.'^^ Following this route the 
most predominate carboxylic acid in the degradation of decane's secondary oxidation 
products would be expected to be the same as the most predominant aldehyde. For 2-
decanol and 2-decanone this would be octanoic acid, for 4-decanone this would be 
hexanoic acid. The carboxylic acid distributions for decane, 2-decanol, 2-decanone and 
4-decanone are shown in Figure 4.38 as a percentage of the total detectable chain 
scission products. 
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Figure 4.38 Distribution of carboxylic acids in the autoxidation of decane, 2-decanol, 2-
decanone and 4-decanone expressed at the percentage of total chain scission products at their 
initial concentration. 
During the degradation of 4-decanone, only three carboxylic acids were detected to any 
significant level, these are; butyric acid, hexanoic acid, and heptanoic acid, with smaller 
amounts of pentanoic also detected. The fact that only these three acids form in any 
significant concentrations goes a long way to corroborating the mechanism proposed by 
Hammond et al, for the simultaneous production of two carboxylic acid spec i e s .F rom 
attack on the LHS and RHS of the carbonyl, following the pathway shown in Figure 
4.24, the four most predominant carboxylic acids should be propanoic (not detectable) 
and heptanoic acid and butanoic and hexanoic acid respectively. However, the 
concentration of butanoic and hexanoic acid are not equal, this suggests there is also 
another route to carboxylic acids. 
During the degradation of 2-decanone a greater variety of acids were formed. Looking 
at Jensen et a/. 's theory on carboxylic acid production (Figure 4.15, Table 4.6), 2-
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decanone should lead to a maximum of heptanoic acid, although the concentration of 
this species is high, it is superseded by butanoic acid. 
A plot of the rate of carboxylic acid production in the autoxidation of these compounds 
against the concentration of aldehydes shows no linearity for any. 
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Figure 4.39 Concentration of heptanal Figure 4.40 Concentration of heptanal 
versus the rate of heptanoic acid production in versus the rate of heptanoic acid production in 
the autoxidation of 2-decanol. the autoxidation of 2-decanone. 
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Figure 4.41 Concentration of heptanal 
versus the rate of heptanoic acid production in 
the autoxidation of 4-decanol. 
This suggests that aldehydes are not the precursors to carboxylic acids in these 
scenarios, and that the most predominant route is that proposed by Hammond et al.^^ 
The discrepancy between these reactions and that seen during the autoxidation of 
decane could be due to the change in polarity of the reaction media, which is now more 
polar and could stabilise different transition states. 
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4.5 Conclusions 
The assessment of the oxidation products produced from the autoxidation of decane has 
drawn some interesting conclusions. It has been found that hydroperoxides are not the 
exclusive precursors to decanols and decanones as previously thought by some 
g r o u p s . I n fact, it has been found that during the early stages of reaction, decanones 
are more likely to be formed from alcohols. Throughout the entire reaction it is 
considered that there are many routes to alcohol and ketone formation with no single 
path showing predominance. 
The cleavage products during the autoxidation of decane have been found to be 
aldehydes, methyl ketones, alkanes, 7-lactones and carboxylic acids, listed in their order 
of appearance. Routes to aldehydes are well established to go via alkoxyl ^-scission, 
however, it is noted here that the fate of the alkyl radical produced during this process 
has largely been ignored during previous investigations into autoxidation. The presence 
of alkanes in the product distribution for decane has highlighted the need for further 
investigation into the decomposition paths of alkyl radicals. 
A new mechanism is proposed for the route to methyl ketones, the full mechanism is 
depicted below in Figure 4.42. Evidence for this route comes both from the previous 
literature and the observations presented here of the simultaneous production of 
aldehydes and methyl ketones in the concentration profiles for the chain scission 
products of decane. 
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Figure 4.42 Proposed route to methyl ketone production. 
Assessment of the rate of y-lactone production against decanone and decyl 
hydroperoxide concentrations has led to the assumption that these chain scission 
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products have a ketone rather than hydroperoxide precursor. This favours the route 
proposed by Hammond et al.^^ rather than Goosen and Kinderman.'^^ 
The same type of analysis for the rate of carboxylic acid production has drawn the 
conclusion that their predominant precursors are aldehydes. However, it should be noted 
that carboxylic acids have the highest rate of formation of all LOPs and therefore are 
considered to be formed by more than one route. 
Alongside the degradation of decane, some of its secondary oxidation products have 
been degraded. These compounds are 2-decanol, 2-decanone and 4-decanone. Analysis 
of the distributions of their chain scission products has proven the predominance for a-
attack, and has found this to be three times more likely than P and y-attack. No 
significant difference in the predominance for ^-attack over y-attack has been observed. 
Some discrepancies between the reaction paths of decane and its secondary oxidation 
products have been observed. These are considered to be due to the change in polarity 
of the reaction media; the autoxidation of alcohols and ketones is necessarily in a more 
polar media which could stabilise different transition states than the original decane 
reaction. One other problem encountered whilst comparing the autoxidations of decane 
and its secondary oxidation products is the inability to detect volatile compounds during 
this project. 
Overall the results presented in this chapter highlight how complex the process of 
autoxidation is. The large amounts of reactions that are taking place simultaneously 
make elucidation of definitive reactions paths challenging. The next chapter will present 
the oxidation products formed in the autoxidation of the other hydrocarbons in this 
library; to assess how molecular structure affects the products and mechanisms 
observed here. 
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5 Oxidation Products of Mono-Component Hydrocarbon 
Autoxidations 
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5.1 Introduction 
The most recent attempts at modelling lubricant degradation have stepped away from 
pathway-level models, and moved into mechanistic m o d e l s . P a t h w a y - l e v e l 
models have provided important information with regards to reaction mechanisms that 
describe the transformations of a particular hydrocarbon into is its stable degradations 
p r o d u c t s ^ ^ ' b u t they have limited extrapolation potential. This means that 
beyond the range of conditions for which they were developed the validity of a 
pathway-level model begins to fail. Mechanistic models are defined as a set of 
'elementary reaction steps that obey microscopic reversibility and whose rate may be 
expressed by elementary rate l a w s ' . M e c h a n i s t i c models can, through automatic 
mechanism generation, more quickly indentify dominant reaction paths and product 
distributions over numerous reaction conditions for a given hydrocarbon. 
Automatic mechanism generation is dependent on having accurate rate constants for all 
of the hundreds of reactions that make up an autoxidative process. This has led to a 
renewed i n t e r e s t e d i n hydrocarbon autoxidation, to calculate rate constants 
and to find legitimate ways of grouping reactions so that the number of elementary 
reactions which have to be entered into the program can be reduced, without reducing 
the accuracy of the results. In the simplest terms mechanistic models are still, in part, 
reliant on pathway models. 
Apart from an extremely detailed study on the autoxidation of cyclohexane by Hermans 
et Reaction pathways are best understood for straight chain alkanes, 
therefore they currently do not take into account how the molecular structure of a 
hydrocarbon affects its stability, dominant oxidation paths, and distribution of major 
oxidation products. Without these considerations any lubricant degradation models will 
inevitably be insufficient to describe the degradation of a mixed hydrocarbon system. 
In the previous chapter a thorough discussion of the mechanistic pathways for the 
formation of oxidation products during the autoxidation of decane was given. This 
chapter presents the results from the analysis of the oxidation products formed in the 
autoxidation reactions of all hydrocarbons contained within the library of compounds. 
The mechanisms found in the degradation of decane, a simple straight chain 
hydrocarbon, can form a basis for the mechanisms found in the other autoxidation 
reactions for hydrocarbons which have more complex structures. It is not the intention 
of this chapter to re-visit any mechanism that has been observed during the degradation 
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of decane and therefore the subsequent analysis is restricted to the specific routes that 
are imposed by the structure of the hydrocarbon under investigation. 
The final concentration for all the identifiable oxidation products are listed along with 
the concentration profiles from each product family. Mass spectral intensities for each 
individual oxidation product can be found in Appendix Table A23. Where 
stereoisomers have been separated on the GC chromatograph but have been unable to be 
assigned the two peaks have been added together. Particular attention is paid to chain 
scission products as they are the least discussed in previous literature reports. 
Concentrations are given for non catalysed systems. The purpose of this thesis is to 
identify how hydrocarbon structure affects stability and therefore the action of the 
catalyst has been left largely uninvestigated. However, a brief discussion on how the 
catalyst has affected the stability of the each hydrocarbon can be found in Chapter 3 
Section 3.7. 
5.2 Analysis of the Autoxidation of n-Hexadecane 
Along with decane, n-Hexadecane is the only other straight chain paraffin that has been 
degraded in this project. It is therefore interesting to compare the oxidation products of 
these two hydrocarbons and to assess whether the same mechanistic pathways are 
observed. Table 5.1 list the concentrations of the oxidation products formed during the 
autoxidation of n-hexadecane. The full table of concentrations for each oxidation 
product at each specific time point is shown in Appendix Table A8. 
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Table 5.1 Concentration for the detectable LOPs in the degradation of 77-hexadecane 
Concentration Concentration 
Oxidation Product at 6 h (mM) Oxidation Product at 6 h (mM) 
Butyric acid 5&75 Nonanoic acid 43.99 
2-Hexanone 4.18 2-Undecanone 30.49 
Hexanal 4.77 Undecanal 4.85 
Valeric acid 61.94 Tridecane 3.76 
2-Heptanone 12.56 y-Nonalactone 10.58 
Heptanal 4.36 Decanoic acid 38.19 
Nonane 2.12 2-Dodecanone 27.65 
y-Valerolactone 17.21 Dodecanal 4.48 
Hexanoic acid 65.72 Tetradeane 4.09 
2-Octanone 2&73 y-Decalactone 10.17 
Octanal 3.58 Undecanoic acid 29.47 
Decane 1.85 2-Tridecanone 22.79 
y-Caprolactone 18.97 Tridecanal 3.21 
Heptanoic acid 56.59 Pentadecane 16.62 
2-Nonanone 2735 y-Undecalactone 9.74 
Nonanal 4.18 Dodecanoic acid 18.40 
Undecane 2.22 2-Tetradecanone 20.50 
y-Heptalactone 14.66 Tridecanoic acid 9.23 
Octanoic acid 43J8 y-Tridecalactone 11.20 
2-Decanone 30.19 Tetradecanoic acid 11.85 
Decanal 4.21 C16 Hydroperoxides 33.00 
Dodecane 3.89 CI6 Alcohols and Ketones 314.08 
y-Octalactone 12.04 Percentage of LOPs 
Detected 
62.3 (%, 
mol/mol) 
Like decane the primary oxidation products are hydroperoxides, whose concentration 
reaches a maximum at approximately 3 h, Figure 5.1. This is earlier than observed for 
decane, consequently, the percentage conversion to LOPs after 6 h of reaction for n-
hexadecane is higher. The maximum hydroperoxide concentration during the 
degradation of decane occurs at approximately 15 % overall conversion to LOPs. A 
similar figure for maximum hydroperoxide concentration is also observed in 
degradation of n-hexadecane, see Chapter 3 Figure 3.14. 
The hexadecanols and hexadecaones are irresolvable in the GC chromatographs due to 
the similar retention times of the regio isomers and are therefore grouped together in 
this analysis. The concentration profiles for the C16 hydroperoxides, alcohols and 
ketones formed during the autoxidation of M-hexadecane are shown below in Figure 5.1. 
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Figure 5.1 Concentration profiles for the production of alcohols, ketones and hydroperoxides in 
the autoxidation of n-hexadecane. 
During the autoxidation of n-hexadecane, the same chain scission products are observed 
to those in the degradation of decane. Namely; carboxylic acids, methyl ketones, 
aldehydes, alkanes and y-lactones. The concentration profiles for these products aie 
shown in Figure 5.2. Methyl ketones are now observed to be the primary chain scission 
products and carboxylic acids are produced much earlier in the reaction. All of the 
routes proposed in the analysis of the degradation of decane are applicable to n-
hexadecane. The high concentration of methyl ketones found in this reaction again re-
iterates the importance of these compounds in hydrocarbon autoxidation. 
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Figure 5.2 Concentration profiles for the formation of chain scission products in the 
autoxidation of n-hexadecane. 
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Table 5.2 shows the distribution of each chain scission product family expressed as a 
percentage of the total detectable chain scission products formed during the 
degradations of decane and n-hexadecane. It can be seen that the distributions are 
similar, but that n-hexadecane produces sUghtly more alkanes, carboxylic acids and 
methyl ketones and less aldehydes than decane. It is noted that a larger proportion of all 
possible chain scission products are identified during the degradation of n-hexadecane. 
It is therefore considered that any discrepancies between the values observed for decane 
and 77-hexadecane are due to the incomplete detection of all oxidation products during 
the autoxidation of decane, and that the results obtained for 77-hexadecane give a more 
accurate description of the product distributions for a straight chain alkane. 
Table 5.2 Distribution of each chain scission product family expressed as a percentage of total 
detectable chain scission products formed during the autoxidation of decane and n-hexadecane. 
Chain Scission Product Decane (6 h, 15 %) n-Hexadecane (6 h, 54 %) 
Aldehydes 14.40 4.26 
Alkanes 0.68 2.27 
Carboxylic acids 43.03 55.39 
Methyl ketones 30.06 24.86 
y-Lactone 11.82 13.23 
5.3 Analysis of the Autoxidation of Branched Paraffins 
Three branched alkanes have been degraded in this project, these are; squalane, pristane 
and /-hexadecane. Below is a discussion of how branching points have directed points 
of attack and degradation pathways. 
5.3.1 Squalane 
Table 5.3 lists the concentration of the detectable oxidation products after 6 h of 
reaction for squalane, the full data for each time point is given in Appendix Table A9. 
Individual alcohols and ketones could not be assigned due to the similarity in their mass 
spectra. However, they have been grouped and the concentration has been plotted along 
with the chain scission families in Figure 5.3. 
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Table 5.3 Concentration for the detectable LOPs in the degradation of squalane. 
Oxidation Product Concentration at 6 h (mM) 
6-Methyl-2-heptanone 15.34 
4-Methylpentan-y-lactone 45.99 
2,6-Dimethylnonane 1.51 
2,6,10-Trimethylundecane 5.53 
6,10-Dimethyl-2-undecanone 27.90 
4,8-Dimethylnonan-y-lactone 16.68 
2,6,10-Trimethylpentadecane 12.27 
2,6,10-Trimethylhexadecane 6.73 
4,8,12-Trimethyltridecan-y-lactone 10.04 
7,11,15-Trimethyl-2-hexadecanone 46.90 
2,6,10,15-Tetramethyloctadecane 10.68 
2,6,10,15-Tetramethyleicosane 7.69 
6,11,15,19-Tetramethyl-2-eicosanone 34.31 
2,6,10,15,19-Pentamethyldocosane 8.50 
4,9,13,17-Tetramethyloctadecan-y-lactone 14.60 
4,8,13,17,21 -Pentamethyldocosan-y-lactone 5.56 
C30 Alcohols and Ketones 152.74 
C30 Hydroperoxides 0.00 
Percentage of LOPs Detected 31.9 (%, mol/mol) 
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Figure 5.3 Concentration of the oxidation products for the degradation of squalane. 
A range of chain scission products have been detected, these are methyl ketones, y-
lactones and alkanes. The absence of aldehydes from this list can be explained by 
looking at the possible products of the alkoxyl P-scission reaction. Figure 5.4. Alkoxyl 
radicals are more likely to form at the tertiary centres along the back bone of squalane, 
rather than at any of the secondary centres, due to the lability of the hydrogen this 
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position. It is seen that, the route of decomposition that would previously form an 
aldehyde in the degradation of a straight chain alkane, now produces methyl ketones for 
compounds like squalane. 
O* 
R i/VA/VP 'R' 
Figure 5.4 P-Scission at a tertiary centre. 
If alkoxy radicals are formed solely on tertiary centres, the methyl ketones produced in 
the autoxidation of squalane could arise from 6 different positions along the backbone. 
However, squalane is a symmetrical molecule so only 3 positions of attack give 
different results. Figure 5.5 shows the methyl ketone and analogous alkyl radical that 
would be formed from these three different positions along the backbone of the 
squalane molecule. Apart from acetone, which overlaps with the solvent peak in the GC 
chromatogram, all of these methyl ketones were detected. The alkyl radicals that are 
also produced during alkoxyl P-scission have been labelled (in parenthesis) with the 
name of the alkane they would produce after hydrogen abstraction. 
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Squalane 
P-Scission from 2-position 
alkoxy radical 
Acetone (2,6,10,15,19-Pentamethyldocosane) 
P-Scission from 6-position 
alkoxy radical 
6-MethyIheptan-2-one (2,6,10,15-Tetramethyloctadecane) 
(2-Methylpentane) 6,11,15,19-Tetramethyleicosan-2-one 
P-Scission from 10-position 
alkoxy radical 
6, lO-Dimethylundecan-2-one (2,6,10-Trimethylpentadecne) 
1 1 0 
(2,6-Dimethylnonane) 7,1 l,15-Trimethylhexadecan-2-one 
Figure 5.5 p-Scission at a tertiary centres along the backbone of squalane. 
The y-lactones produced here can also be formed through an analogous route to those 
observed in the autoxidation of straight chain paraffins, Figure 5.6. The branching 
points along the backbone of squalane greatly benefit this mechanism. A ketone that is 
formed adjacent to a branch point is perfectly positioned for intramolecular attack of an 
alkoxyl radical positioned at the next tertiary centre along. Also, the last step that 
involves alkoxyl P-chain scission produces a secondary alkyl radical as opposed to the 
primary alkyl radical formed in straight chain paraffin autoxidations. 
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Figure 5.6 Production of y-lactones during the autoxidation of branched paraffins. 
The production of y-lactones during the autoxidation of squalane is outUned in Figure 
5.7. All of the possible y-lactones have been detected and quantified. Again alkyl 
radicals have been labelled in parenthesis with the alkane they would produce upon 
hydrogen abstraction. 
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2 - p o s i t i o n 
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+ 
4-Methylpenta-Y-lactone (2,6,10,15-Tetramethyleicosane) 
J . 
6 - p o s i t i o n 
a l k o x y l r a d i c a l 
4,8,13,17,21 -Pentamethy Idocosa-y-lactone (Propane) 
4,8-DimethyInona-y-lactone (2,6,10-Trimethylhexadecane) 
1 0 - p o s i t i o n 
a l k o x y l r a d i c a l 
4,9,13,17-Tetramethyloctadeca-y-lactone (2-Methylheptane) 
(2,6,10-Trimethy lundecane) 4,8,12-Trimethyltrideca-y-lactone 
Figure 5.7 P r o d u c t i o n o f y - l a c t o n e s d u r i n g t h e a u t o x i d a t i o n o f s q u a l a n e . 
All of the chain scission alkanes listed in Table 5.3 have now been given a formation 
pathway from either the methyl ketone or y-lactone alkoxyl (3-scissions, presented in 
Figure 5.5 and Figure 5.7 respectively. All of the possible alkanes have been detected 
except for the most volatile; propane and 2-methylheptane. It was expected that the 
concentration of 4,8,12-trimethyltrideca-y-lactone and 2,6,10-trimethylundecane would 
be lower than the other y-lactones and alkanes as their formation involves the 
production of a primary alkyl radical rather than a secondary alkyl radical. Although 
this is the least predominant alkane formed from this mechanism, 4,8,12-
trimethyltrideca-y-lactone is not the least predominant lactone. 
The analysis of the autoxidation of squalane has proven that in a branched paraffinic 
system attack concentrates on the tertiary centres along the backbone of the molecule. 
5.3.2 Pristane 
The supposed peaks relating to alcohols and ketones formed in the autoxidation of 
pristine were badly overlapped on the GC chromatograph and their mass spectra 
unclear, therefore they could not be quantified or truly identified. A range of chain 
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scission products have been foraied and their final concentrations at 6 h of reaction aie 
listed in Table 5.4. The full table of all concentrations at each time point is given in 
Appendix Table A10. 
Table 5.4 Concentration of detectable LOPs in the degradation of pristane. 
Oxidation Product Concentration at 6 h (niM) 
6-Methylheptan-2-one 
4-Methylpentan-y-pentalactone 
6,10-Dimethylundecan-2-one 
4,7-Dimethyl-y-octalactone 
54.63 
41.16 
47.72 
15.81 
Percentage of LOPs Detected 14.9 (%, mol/niol) 
The concentration profiles for each of the oxidation products are shown in Figure 5.8. 
Only a very small amount of the total products have been identified, these include 
methyl ketones and y-lactones, which can be produced as detailed above in the 
autoxidation of squalane. 
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Figure 5.8 Concentration of the oxidation products for the degradation of pristane with catalyst. 
5.3.3 /-Hexadecane 
The oxidation products for /-Hexadecane are particulaily difficult to identify because 
the oxidation products are not commercially available, do not have precedent mass 
spectra for comparison and mono-functionalised alcohols and ketones overlap 
considerably. Therefore, although a variety of peaks were observed in the GC 
chromatograph, no products could be individually indentified or quantified. An example 
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chromatograph for the 6 h time point of the autoxidation of /-hexadecane is shown 
below in Figure 5.9, the labelled identities are suggestions only. 
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Figure 5.9 GC-FID Chromatograph of the oxidation products formed in the autoxidation of /-
hexadecane. 
5.3.4 Summary 
The branched alkanes show similar oxidation paths to that of the straight chain alkanes. 
The major classes of chain scission products formed aie seen to be methyl ketones 
(analogous to aldehydes in straight chain systems), y-lactones and alkanes. From this 
list two notable exceptions are carboxylic acids and methyl ketones. During the 
autoxidation of squalane a few peaks were identified as possible carboxylic acids but 
definitive structures could not be obtained from mass spectral analysis alone. It is 
considered that carboxylic acids are just as likely to form in branched chain systems 
except that now with more complex structures they aie more difficult to identify. 
By transferring the structure of a branched chain alkane like pristane or squalane into 
the reaction mechanism detailed for methyl ketones in the autoxidation of decane 
(Chapter 4, Section 4.3.2) the reason as to why these compounds have remained 
undetected becomes clear, see Figure 5.10. The most predominate point of attack is at 
one of the tertiary centres along the backbone of the molecule. This is proven above as 
all of the detectable oxidation products have arisen from attack at these positions. 
Therefore, the first intramolecular y-hydrogen abstraction by a peroxyl radical 
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substituted at a tertiary centre can progress analogously to straight chain systems. The 
second intramolecular hydrogen abstraction cannot progress as there is now no available 
y-hydrogen for abstraction to occur. 
o 2. 
, , Initiator R 
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OOH 
Figure 5.10 Straight chain alkane route to methyl ketones transferred to branched chain 
systems. 
5.4 Analysis of the Autoxidation of Naphthenes 
A range of naphthenic hydrocarbons have been degraded. These included alkyl 
cyclohexane compounds and fused ring systems like decalin and perhydrofluorene. 
Below is a discussion of how the presence of a ring affects the types of oxidation 
products seen for hydrocarbon autoxidation reactions when compared to paraffinic 
systems. 
5.4.1 n-Butylcyclohexane 
Table 5.6 lists the detectable oxidation products and their concentration at 6 h for the 
autoxidation of n-butylcyclohexane. The full list of concentrations at each time point 
can be seen in Appendix Table A l l . Along with a range of alcohols, ketones and 
hydroperoxides, five chain scission products have been detected; butyric acid, an 
unidentified isomer of pentanoic acid, cyclohexanol, cyclohexanone and 5-decanone. 
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Table 5.5 Concentration of detectable LOPs in the degradation of 77-butylcyclohexane. 
Oxidation Product Concentration at 6 h (mM) 
Butyric acid 28.51 
C5 Acid 22.45 
Cyclohexanol 2.23 
Cyclohexanone 57.41 
5-Decanone 9.64 
1 -Butylcyclohexanol 88.64 
1 -Cyclohexylbutanone 47.38 
2-Butylcyclohexanone 63.40 
2-Butylcyclohexanol 21.41 
4-Cyclohexylbutan-2-ol 10.79 
3 -Butylcyclohexanone 107.05 
4-Butylcyclohexanone 26.04 
1-Butylcyclohexyl hydroperoxide 28.22 
2-Butylcyclohexyl hydroperoxide 9.30 
4-Cyclohexyl-2-butyl hydroperoxide 6.78 
CIO Alcohols (x3) 63.45 
CIO Ketone 13.27 
CIO hydroperoxides (x3) 46.27 
Percentage of LOPs Detected 27.2 (%, mol/mol) 
The concentration profiles for the different classes of oxidation products are shown in 
Figure 5.11. Hydroperoxides show definitive maxima at the point of autoretaidation. 
Ketones are found to be more predominant than alcohols for the first time in any 
hydrocarbon autoxidation discussed above. 
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Figure 5.11 Concentrat ion o f the ox idat ion products for the degradat ion o f 77-butylcyclohexane. 
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The two chain scission products; cyclohexanone and 5-decanone are most likely to be 
formed from the (^-scission of the tertiary alkoxyl radical as shown in Figure 5.12 path 
a) and b) respectively. 5-Decanone can be formed from the subsequent hydrogen 
abstraction of the radical product in path b). Path b) is the first example of ring opening 
for a naphthene in this project. 
Figure 5.12 P-scission of tertiary alkoxy radical in the degradation of n-butylcyclohexane. 
Cyclohexanol can be formed via the hydrogen abstraction of the radical produced 
during the |3-scission of an alkoxyl radical adjacent to the alcohol of 1-position hydroxy 
butylcyclohexane compound, Figure 5.13. 
O' 
OH 
OH 
O 
+ 
Figure 5.13 Formation of cyclohexanol in the degradation of n-butylcyclohexane. 
Two carboxylic acids were identified, one is an isomer of pentanoic acid and the other is 
butyric acid. These can be formed analogously to the path detailed in Chapter 4 Section 
4.3.5. Butyric acid can be formed from butanal produced in alkoxyl |3-scission reactions 
including that presented above in Figure 5.13. A C5 carboxylic acid however requires 
chain scission at, at least, two positions on the molecule, see Figure 5.14. 
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Figure 5.14 Production of a C5 carboxylic acid from /i-butylcyclohexyl. 
It is expected that the concentration of the C5 acid should be significantly lower than 
that of butyric acid due to the increased number of reaction steps in its production. 
However, this is not observed. It is considered that the large number of possible routes 
to pentanoic acid account for its higher than expected concentration. 
5.4.2 /-Butylcvclohexane 
The individual LOPs for i-butylcyclohexane are listed in Table 5.6 along with their 
concentrations after 6 h of reaction. The full table of all concentrations at each time 
point can be seen in Appendix Table A12. 
Table 5.6 Concentration of detectable LOPs in the degradation of /-butylcyclohexane. 
Oxidation Product Concentration at 6 h (mM) 
C5 and C6 Carboxylic acids (x4) 
Cyclohexanone 
1-Cyclohexyl-2-methylpropan-2-ol 
1 -i-Butylcyclohexanol 
1 -Cyclohexyl-2-methylpropan-1 -one 
2-/-Butylcyclohexanone 
2-/-Butylcyclohexanol 
3-j-Butylcyclohexanone 
3-/-Butylcyclohexanol 
4-/-Butylcyclohexanone 
1 -Cyclohexyl-2-methyl-2-propanyl hydroperoxide 
1 - j-Butylcyclohexyl hydroperoxide 
2-/-Butylcyclohexyl hydroperoxide 
3-/-ButylcyclohexyI hydroperoxide 
63.50 
3.25 
52.19 
17.70 
37.88 
16.82 
10.43 
144.23 
45.30 
41.47 
1.61 
0.11 
3.25 
6.83 
Percentage of LOPs Detected 19.6 (%, mol/mol) 
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The concentration profiles for the different classes of oxidation products are shown in 
Figure 5.15. As with the profiles observed above for n-butylcyclohexane a maximum is 
seen in the concentration of the hydroperoxides, which occurs at the point of 
autoretardation. The carboxylic acids that were identified had molecular ion peaks of 
102 and 117, putting then in the C5 or Cg range. Four different acids were identified and 
it is believed they are regio isomers of valeric and hexanoic acid. Again C5 and Cg acids 
require multiple chain scission for their formation. However, they aie still observed in 
significant concentrations. 
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Figure 5.15 Concentrat ion of the ox idat ion products for the degradat ion of / -buty l cyc lohexane . 
The most likely route to cyclohexanone is given in Figure 5.12 above. 
5.4.3 r-Butylcvclohexane 
Table 5.15 lists the detectable and identifiable oxidation products and their 
concentration at 6 h for f-butylcyclohexane (full table shown in Appendix Table A13). 
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Table 5.7 Concentrations of the detectable LOPs in the degradation of t-
butylcyclohexane. 
Oxidation Product Concentration at 6 h (mM) 
Cyclohexanone 77.10 
2-r-Butylcyclohexanone 8.52 
1 -f-Butylcyclohexanol 52.86 
2-r-Butylcyclohexanol 3.62 
2-r-Butylcyclohexanol 8.80 
3-f-Butylcyclohexanol 27.64 
4-r-Butylcyclohexanol 18.30 
3-?-Butylcyclohexanone 138.26 
4-r-Butylcyclohexanol 25.84 
4-r-Butylcyclohexanone 23.25 
1 -r-Butylcyclohexyl hydroperoxide 3.36 
2-r-Butylcyclohexyl hydroperoxide 5.01 
3-r-Butylcyclohexyl hydroperoxide 15.86 
4-r-Butylcyclohexyl hydroperoxide 12.06 
Percentage of LOPs Detected 68.4 (%, mol/mol) 
The concentration profiles for the different classes of oxidation products are shown in 
Figure 5.16. For this compound a maximum is seen in the concentration profile for 
hydroperoxides but no period of autoretardation is observed in any of the other product 
profiles. Cyclohexanone is the only chain scission product noted produced as shown 
above in Figure 5.12. Compared with the other butylcyclohexanes, a large amount of 
cyclohexanone is produced in the degradation of this compound. It is considered that 
the lack of complexity in the oxidation products for f-butylcyclohexane is due to the 
lack of reactivity of the f-butyl alkyl side chain. 
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Figure 5.16 Concentration of the oxidation products for the degradation of ?-butylcyclohexane. 
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5.4.4 n-Heptylcyclohexane 
Table 5.8 lists the detectable and identifiable oxidation products and their concentration 
at 6 h for n-heptylcyclohexane, the full table of concentration data at each time point are 
listed in Appendix Table A14. Only a few of the C13 alcohols and ketones could be 
identified as their specific regioisomer, the rest have been grouped together. This 
molecule contains a cyclohexyl ring and a straight chain alkyl side chain. Therefore, 
mixtures of chain scission products are formed from both the paraffinic and naphthenic 
characteristics of this molecule. 
Table 5.8 Concentration of the detectable LOPs in the degradation of n-
heptylcyclohexane. 
Oxidation Product Concentration at 6 h without catalyst (mM) 
Butyric acid 23.24 
Cyclohexanone 19.42 
Pentanoic acid 26.86 
Hexanoic acid 14.22 
Heptanoic acid 6.52 
Cylcohexyl carboxylic acid 1.60 
1-Cyclohexyl-2-propanone 2.67 
Pentylcyclohexane 1.79 
Octanoic acid 1.62 
Cyclohexyl acetic acid 2.64 
Cylcohexyl butanoic acid 3.82 
2-Heptylcyclohexanone 12.01 
1-Heptylcyclohexanol 67.51 
3-Heptylcyclohexanone 44.42 
4-Heptylcyclohexanone 15.79 
1-Heptylcyclohexanyl hydroperoxide 2.46 
C13 Alcohols (x7) 160.11 
C13 Ketones (x2) 65.45 
C13 Hydroperoxides (x7) 12.09 
Percentage of LOPs Detected 19.2 (%, mol/mol) 
The concentration profiles for the different classes of oxidation products are shown in 
Figure 5.17. Again a maximum is observed in the hydroperoxide concentration at the 
point of autoretardation. Along with hydroperoxides, alcohols, and ketones, a range of 
chain scission products have been formed. These include; carboxylic acids, a methyl 
ketone and an alkane, all of which can be formed analogously to the mechanisms 
discussed in Chapter 4. 
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Figure 5.17 Concentration of the oxidation products for the degradation of n-
heptylcyclohexane. 
5.4.5 Bicyclohexyl 
Table 5.9 shows the concentration of the detectable oxidation products after 6 h of 
reaction for the degradation of bicyclohexyl. During the degradation of this compound 
two chain scission products were detected, cyclohexanol and cyclohexanone, pathways 
of formation are shown above in Figure 5.12 and Figure 5.13 respectively. The rest of 
the detectable oxidation products consist of mono-functionalised alcohols, ketones and 
hydroperoxides. Concentration profiles for these classes of oxidation products are 
shown in Figure 5.18. The full table of all concentrations at all time points is shown in 
Appendix Table A15. 
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Table 5.9 Concentration of the oxidation product produced in the degradation of bicyclohexyl 
after 6 h of reacdon. 
Oxidation Product Concentration at 6 h (niM) 
Cyclohexanol 67.52 
Cyclohexanone 204.00 
Cyclohexylcyclohexan-1 -ol 121.99 
2-Cyclohexylcyclohexanone 13.43 
2-Cyclohexylcyclohexanol 31.07 
3 -Cyclohexylcyclohexanol 44.47 
4-Cyclohexylcyclohexanol 23.21 
3 -Cyclohexylcyclohexanone 77.08 
4-Cyclohexylcyclohexanone 33.61 
1-Bicyclohexyl hydroperoxide 91.32 
2-Bicyclohexyl hydroperoxide 32.32 
3-Bicyclohexyl hydroperoxide 59.05 
4-Bicyclohexyl hydroperoxide 8.52 
Percentage of LOPs Detected 49.3 (%, mol/mol) 
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Figure 5.18 Concentration of the oxidation products of bicyclohexyl degradation. 
Without a paraffinic side chain this compound has produced naphthenic products only. 
No ring opening is observed, it is considered that this is due to the low percentage 
conversion to LOPs and the long induction time for this compound (Chapter 3 Section 
3.3.1). These oxidation parameters suggest that the reaction has not progressed to the 
extent of the other naphthenes and this is the reason for the lack of complexity in the 
oxidation products. 
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5.4.6 Decalin 
Decalin is the first of the two fused ring hydrocarbons to be analysed, Table 5.10 shows 
the concentration of the detectable oxidation products after 6 h of reaction. It is noted 
that only one chain scission product was detected, cyclohexane carboxylic acid. 
However, along with this chain scission product, some new product families have 
arisen. These are unsaturated ketones and difunctional CIO alcohols and ketones. The 
full list of concentrations at each time point can be found in Appendix Table A16. 
Table 5.10 Concentration of the oxidation product produced in the degradation of decalin after 
6 h of reaction with and without catalyst. 
Oxidation Product Concentration at 6 h (mM) 
Cyclohexanecarboxylic Acid 6.61 
?-4-DecahydronaphthanoI 657.87 
c-4-Decahydronaphthanol 271.93 
t-1 -Decahydronaphthanol 174.12 
t-1 -Decahydronaphthanone 143.14 
f-2-Decahydronaphthanone 90.32 
c-1 -Decahydronaphthanone 12.18 
f-2-Decahydronaphthanol 25.49 
c-2-Decahydronaphthanol 15.59 
c-1 -Decahydronaphthanol 21.61 
c-2-Decahydronaphthanone 41.79 
[3,4,6,7,8,9] -Hexahydro-2-naphthalenone 12.19 
[3,4,6,7,8,9]-Hexahydro-l-naphthalenone 7.22 
[4,5,6,7,8,9]-Hexahydro-2-naphthalenone 10.71 
Decahydronaphthalene-1,10-diol 14.20 
Octahydro-4-hydroxy-1 -naphthalenone 5.64 
Octahydro-4-hydroxy-2-naphthalenone 12.95 
Octahydro-4-hydroxy-2-naphthalenone 8.64 
r-4-Decahydronaphthalyl hydroperoxide 11.29 
c-4-Decahydronaphthalyl hydroperoxide 7.94 
r-2-Decahydronaphthalyl hydroperoxide 10.77 
t-1 -Decahydronaphthalyl hydroperoxide 6.50 
c-2-Decahydronaphthalyl hydroperoxide 61.63 
c-1 -Decahydronaphthalyl hydroperoxide 0.00 
Percentage of LOPs Detected 41.8 (%, mol/mol) 
Concentration profiles for each class of oxidation product formed are shown in Figure 
5.19 and Figure 5.20. As with the majority of naphthene oxidations a maximum is seen 
in the hydroperoxide concentration at the point of autoretardation. 
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Figure 5.19 Concentration profiles for the oxidation product families formed in the autoxidation 
of decalin. 
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Figure 5.20 Concentration profiles for the oxidation product families formed in the autoxidation 
of decalin (continued). 
Nepomnyashchikh et al. have suggested that unsaturated compounds can sometimes 
form during oxidation of organic compounds.'"^' In the case of the formation of 2-
cyclohexenone from the oxidation of cyclohexanone the preferred route is shown in 
Figure 5.21. This pathway relies on the activation of the a-hydrogen by the carbonyl in 
order to promote intramolecular hydrogen abstraction by the peroxyl radical. These 
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types of compounds have been noted in the degradation of decahn. They also suggest 
that abstraction of a hydrogen (3 to the double bond will mean that the unsaturation can 
move around the molecule with relative ease. 
O O 
Oo 
O 
+ HOo 
" 0 0 • 
Figure 5.21 Production of unsaturated oxidation products during autoxidation reactions as 
proposed by Nepomnyashchikh et al. 141 
The structures of the three unsaturated compounds are given below in Figure 5.22, all of 
which can be formed from the path presented in Figure 5.21. It is interesting to note that 
the unsaturated ketones have all formed with the unsaturation on one or both of the 
tertiary centres. This could be reason that unsaturated ketones have been identified in 
the autoxidation of decalin only. The lability of tertiary hydrogens coupled with the 
activation of these hydrogens by adjacent carbonyl groups makes abstraction of these 
hydrogens extremely facile. 
O 
[3,4,6,7,8,9]-Hexahydro 
-l-naphthalenone 
[3,4,6,7,8,9]-Hexaliydro-
2-naphthalenone 
[4,5,6,7,8,9]-Hexahydro-
2-naphthalenone 
Figure 5.22 Structures for the unsaturated compounds formed in the autoxidation of decalin. 
5.4.7 cis and trans-DQCdAm 
The decalin used in Section 5.4.6 is a mixture of both cis and trans isomers; the ratio is 
approximately 55:45 cis:trans. Along with the mixed isomer system, both the pure 
isomers have been analysed independently. The detectable oxidation products for each 
of the two isomer reactions are listed in Table 5.11, the full tables for these compounds 
can be found in Appendix Tables All and 18. Only alcohols, ketones and 
hydroperoxides have been detected in these reactions, their concentration profiles for cis 
and trans isomers are shown in Figure 5.23 and Figure 5.24 respectively. 
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Table 5.11 Concentration of the oxidation product produced in the degradation of c-decalin and 
/-decalin after 6 h of reaction. 
Oxidation Product 
c-Decalin 
Concentration at 
6 h (mM) 
f-Decalin 
Concentration at 
6 h (mM) 
?-5-DecahydronaphthanoI 1020.71 399.03 
c-5-Decahydronaphthanol 468.19 139.04 
t-1 -Decahydronaphthanol 88.75 189.04 
t-1 -Decahydronaphthanone 63.27 195.51 
?-2-Decahydronaphthanone 10.33 155.15 
c-1-Decahydronaphthanone 21.83 17.64 
f-2-Decahydronaphthanol 56.40 7.51 
c-2-Decahydronaphthanol 42.83 1.10 
c-1 -Decahydronaphthanol 58.70 10.85 
c-2-Decahydronaphthanone 83.56 0.00 
f-5-Decahydronaphthalyl hydroperoxide 60.51 25.02 
c-5-Decahydronaphthalyl hydroperoxide 31.37 8.12 
r-2-Decahydronaphthalyl hydroperoxide 62.30 178.86 
t-1 -Decahydronaphthalyl hydroperoxide 6.05 0.00 
c-2-Decahydronaphthalyl hydroperoxide 91.72 0.00 
c-1 -Decahydronaphthalyl hydroperoxide 1.78 2.18 
Percentage of LOPs Detected 46.2 (%, mol/mol) 38.0 (%, mol/mol) 
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Figure 5.23 Concentration profiles for the oxidation product families formed in the autoxidation 
of c-decalin 
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Figure 5.24 Concentration profiles for the oxidation product families formed in the autoxidation 
of f-decalin. 
Table 5.11 shows that trans oxidation products form in higher concentrations than cis 
oxidation products, he trans isomer of decalin is more stable than the cis isomer due to 
less steric interference, see Chapter 3 Figure 3.42, therefore it is likely that trans 
products will be formed in higher concentration in both reactions. Figure 5.23 and 
Figure 5.24 show that the cis isomer produces a higher alcohol concentration 
proportional to the ketone concentration than the trans isomer. The reason for this 
requires further investigation. 
5.4.8 Perhydrofluorene 
For perhydrofluorene 70% of all the oxidation products have been identified as an 
alcohol, ketone or hydroperoxide, their reaction profiles are shown in Figure 5.25. 
However, exact structures for these regio-isomers could not be found. The large 
induction time for this compound limits the complexity of the oxidation products 
observed. 
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Figure 5.25 Concentration of the oxidation products for the degradation of perhydrotluorene. 
5.4.9 Summary 
The distribution of alcohols and ketones in the alkyl cyclohexane naphthenes show 
some interesting results. Using the numbering system detailed below in Figure 5.26, the 
distribution of mono-functionalised ketones and alcohols have been plotted in Figure 
5.27 and Figure 5.28 respectively. Unfortunately only r-butylcyclohexane and 
bicyclohexyl have available data for all alcohols. 
R = n-Butyl, /-Butyl, /-Butyl, «-Heptyl and Cyclohexyl 
Figure 5.26 Numbering of alkyl cyclohexane hydrocarbons. 
The distribution of the ketones show that the favoured position is the 3 position. The 
distribution of the alcohols shows that the favoured point of attack is at the tertiary 
centre, which is unavailable for the mono-functionalised ketones. The distributions of 
the alcohols also show that the 4 position is more favoured over the 3-position. The 
discrepancies between the two distributions indicate that alcohols cannot be the primary 
precursor to ketones in naphthenic systems as found in the autoxidation of decane. 
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Figure 5.27 Distribution of ketones in the autoxidation of alkyl cyclohexane hydrocarbons. 
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Figure 5.28 Distribution of alcohols in the autoxidation of alkyl cyclohexane hydrocarbons. 
Looking at the naphthenic class over all it can be seen that ring opened products only 
occur at high percentage conversions to LOPs towards the end of the reaction. This 
indicates that ring opening is a relatively unfavourable process, and could be dependent 
on having some stabilising functionality (like an alcohol or ketone) from which to 
encourage attack. Ring opening is observed to increase the paraffinic character of the 
oxidation products; it is interesting to note that as the autoxidation of naphthenes 
progress they become more paraffinic, and will take on their bulk and molecular 
properties. 
The autoxidation of the naphthenic class of hydrocarbons has shown similarities and 
differences in paths and products of oxidation when compared to paraffinic systems. 
The major similarities are that attack predominates at branching points and the detection 
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of similar chain scission products like aldehydes and carboxylic acids. Differences 
include the identification of unsaturated compounds in naphthenic systems, and the 
production of cyclohexanone and cyclohexanol which are not analogous to any products 
observed in paraffinic systems. 
5.5 Analysis of the Autoxidation of Aromatics 
A range of aromatic hydrocarbons have been degraded. These included alkyl benzene 
compounds and one naphthenic aromatic; 1,5-dimethyltetralin. Below is a discussion of 
how the presence of an aromatic ring affects the types of oxidation products and the 
differing routes of their formation when compared to paraffinic and naphthenic systems. 
5.5.1 /i-Butylbenzene 
The detectable products for M-butylbenzene are mainly Cw compounds thus with no 
chain scission of the molecular skeleton occurring. There are however two exceptions -
benzaldehyde and benzoic acid. Table 5.12 lists the oxidation products and their 
concentration at 6 h, the full table of all concentrations at each time point can be found 
in Appendix Table A19. 
Table 5.12 Concentration of the detectable LOPs in the degradation of n-butylbenzene. 
Oxidation Product Concentration at 6 h (mM) 
Benzaldehyde 97.64 
Benzoic acid 2.74 
1 -Phenyl-2-butanol 6.19 
1 -Phenyl-1 -butanol 73.31 
1 -Phenyl-1 -butanone 243.02 
1 -Phenyl-4-butanol 4.68 
l-Phenyl-2-butyl hydroperoxide 25.36 
1-Phenyl-1-butyl hydroperoxide 550.98 
l-Phenyl-4-butyl hydroperoxide 16.29 
CIO Ketones (x2) 8.58 
Percentage of LOPs Detected 75.8 (%, mol/mol) 
The reaction profiles for each class are shown below in Figure 5.29. Ketones have been 
found to be more predominant over alcohols as observed in n and /-butylcyclohexane 
autoxidations. 
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Figure 5.29 Concentration of the oxidation products for the degradation of /i-butylbenzene. 
Benzoic acid is most likely formed from benzaldehyde, which is noted to form earlier in 
the reaction, via the route depicted in Chapter 4 Figure 4.25. 
Benzaldehyde is most probably formed from alkoxyl P-scission a- to the benzene ring, 
however, one paper suggest that a major route to benzaldehyde production might be 
through a non radical route for compounds such as r-butylphenylacetate,'"^" as shown in 
Figure 5.30. This process makes use of an adjacent carbonyl. No l-phenyl-2-butanone 
has been detected in the autoxidation of this compound and therefore it is felt that this 
route is unlikely to occur. 
O. 
O 
Oi, RH 
-R» 
OOH 
t B u 
o-o 
•/Bu 
-CO2 
-rBuCOH 
O 
Figure 5.30 Non radical route to benzaldehyde from the oxidation of t-
butylphenylacetate as proposed by Voronina et al 142 
5.5.2 j'-Butvlbenzene 
The GC analysis of ^•-butylbenzene has shown some unpredicted results. It has been 
found that autoxidation of this compound had initiated on storage. Oxidation product 
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impurities were therefore found on analysis of this compound prior to any enforced 
degradation. The products found as impurities are in order of their concentration; 2-
phenyl-2-butyl hydroperoxide, acetophenone, 2-phenyl-2-butanol propiophenone and 2-
phenyl-3-butanone. Upon storage the major routes of decay are shown in Figure 5.31. 
One of the possible (3-scission routes cannot be verified as the peaks for butanone and 
benzene are hidden in the GC chromatogram under the solvent peak. Benzene is 
regarded as a possible decomposition product of the phenyl radical along with phenol 
but neither has been detected. The initial ratio of acetophenone to propiophenone (20:1) 
indicates the discriminatory behaviour of the alkoxy radical to select the production of 
the hypercongugated ethyl radical over methyl radical elimination. 
OOH 
RH 
Oo 
Ph 
o 
Ph 
O 
+ Ph' 
p-Scission 
p-Scission 
O 
+ Me. 
Figure 5.31 Decomposition of 5-butylbenzene upon storage. 
With the impurities in this hydrocarbon it is no wonder that the degradation of this 
compound occurs with a minimal induction time. The enforced oxidation reaction of 
this hydrocarbon has produced more varied oxidation products than those found upon 
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Storage. These products include those resulting from attack the secondary centre in the 
alkyl side chain. The concentration after 6 h of the detectable oxidation products are 
shown in Table 5.13. The full list of all concentrations for each time point are listed in 
Appendix Table 20. 
Table 5.13 Concentrations of detectable LOPs in the degradation of .y-butylbenzene. 
Values in parenthesis denote the starting concentration of the liquid phase oxidation 
product. 
Oxidation Product Concentration at 6 h (mM) 
Benzaldehyde 
Acetophenone 
Propiophenone 
Benzoic acid 
2-Phenyl-3 - j'-butanone 
2-Phenyl-2-j'—butanol 
2-Phenyl-3 - j'-butanol 
2-PhenyI-2-5-butyl hydroperoxide 
2-Phenyl-3-5-butyl hydroperoxide 
39.88 
2749.08 (142.92) 
8.29 (7.26) 
6.67 
142.06 (3.43) 
651.37 (91.65) 
10.43 
798.28 (628.75) 
0.04 
Percentage of LOPs Detected 88.2 (%, mol/mol) 
The concentration profiles for each oxidation product class are shown in Figure 5.32, 
concentrations have been plotted as an increase from an initial zero point. Chain 
scission products dominate the oxidation products due to the laige amounts of 
acetophenone formed in this reaction. 
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Figure 5.32 Concentration of the oxidation products for the degradation of s-butylbenzene. 
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5.5.3 Phenyldecane 
Table 5.14 lists the concentration of the detectable oxidation products after 6 h of 
reaction for phenyldecane. The full table of all concentrations at each time point can be 
seen in Appendix Table A21. A mixture of paraffinic and aromatic oxidation products 
has been observed. Many of the same chain scission products that appeared in the 
degradation of decane can also be seen in the degradation of phenyldecane i.e. 
carboxyUc acids, methyl ketones, alkanes, aldehydes and y-lactones. 
Table 5.14 Concentrations of the detectable LOPs in the degradation of phenyldecane 
Oxidation Product Concentration at 6 h (mM) 
Nonane 5.00 
Pentanoic acid 13.21 
Benzaldehyde 64.70 
Decane 37.74 
Acetophenone 26.59 
2-Nonanone 27.13 
Nonanal 5.17 
Benzoic acid 18.93 
Nonanoic acid 6.45 
Decanoic acid 1.28 
4-Phenylbutyric acid 2.73 
6-Phenyl-2-hexanone 0.95 
Octylbenzene 0.54 
Dihydro-5-phenyl-2(3H)-furanone 3.91 
5-Phenylvaleric acid 2.33 
7-Phenyl-2-heptanone 2.73 
1 -Phenyl-1 -decanol 62.43 
1 -Phenyl-1 -decanone 221.28 
1-Phenyl-1-decyl hydroperoxide 139.81 
CI6 Ketones 48.99 
CI6 Alcohols 49.34 
CI 6 Hydroperoxides 31.01 
Percentage of LOPs Detected 40.6 (%, mol/mol) 
The concentration profiles for the oxidation products of phenyldecane are shown in 
Figure 5.33 and Figure 5.34. The high concentration of alcohols and ketones are 
dominated by the products resulting from attack in the a-position to the benzene ring. 
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Figure 5.33 Concentration of the oxidation products for the degradation of phenyldecane. 
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Figure 5.34 Concentration of the oxidation products for the degradation of phenyldecane 
(continued). 
5.5.4 Phenylcyclohexane 
Table 5.15 lists the detectable and identifiable oxidation products and their 
concentration at 6 h for Phenylcyclohexane. A range of CI 2 alcohols and ketones were 
identified, but for some specific structures could not be assigned. Many difunctional 
species were also detected but again only one, 1-phenyl-1,2-cyclohexandiol, could be 
identified. The full table of all concentrations at each time point can be seen in 
Appendix Table A22. 
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Table 5.15 Concentrations of the detectable LOPs in the degradation of 
cyclohexylbenzene 
Oxidation Product Concentration at 6 h (niM) 
Pentanoic acid 85 
Benzaldehyde 19.01 
Acetophenone 5.16 
Benzoic acid 157.53 
1 -Phenylhexanone 37L48 
1 -Phenylcyclohexanol 61&57 
3 -Phenylcyclohexanone 3&58 
4-Phenylcyclohexanone 98.59 
1 -Phenyl-1,2-cyclohexandiol 26.46 
1-Phenylcyclohexyl hydroperoxide 43.20 
C12 Alcohols 14.43 
C12 Ketones 11.46 
C12 Hydroperoxides 0.00 
C12 Disubstituted Products 87.62 
Percentage of LOPs Detected 40.6 (%, mol/mol) 
The concentration profiles for the different classes of oxidation products are shown in 
Figure 5.35 and Figure 5.36. Again the predominant LOPs are those which contain no 
chain scission, but for this compound ring opening products as well as some smaller 
acids and aldehydes have been detected, all of which can be foraied from processes 
already discussed above. 
1000 
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Figure 5.35 Concentration of the oxidation products for the degradation of phenylcyclohexane. 
186 
Chapter 5. Oxidation Products of Mono-Component Hydrocarbon Autoxidations 
120 -] 
,1' 100 -
c 80 -
o 
z 
c 60 -
5 40 -
© 
u 20 -
Tune (h) 
•Disiibstitiited Products 
-Methvl Ketones 
Ring opened ketone 
Aldehydes 
Figure 5.36 Concentration of the oxidation products for the degradation of phenylcyclohexane 
(continued). 
5.5.5 1.5-Dimethyl tetralin 
No oxidation products could be identified for this compound, although peaks due to 
these products were observed in the GC chromatograms. This is due to the non-
commercial availability of the oxidation products and the lack of precedent mass 
spectra. An example chromatograph for the 6 h time point of the autoxidation of this 
compound is shown below in Figure 5.37. 
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Figure 5.37 GC-FID Chromatograph for the autoxidation of 1,5-dimethyltetralin after 6 h of 
reaction. 
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5.5.6 Summary 
The analysis of the autoxidation of the aromatic hydr ocarbons has proven that the 
benzene ring promotes attack at the a-position on the alkyl side chains. This can be seen 
from the structures of the major oxidation products formed in each aromatic 
autoxidation reaction, as shown in Figure 5.38. 
Aromatic Hydrocarbon Major Oxidation Products 
n-Butylbenzene 
OOH 
1 -Phenyl-1 -butanone 1-Phenyl-1-butyl hydroperoxide 
O 
OOH 
5-Butylbenzene Acetophenone 2-Phenyl-2-^-butyl hydroperoxide 
O 
CqH 91119 
Phenyldecane 
OOH 
CnH 9^19 CqH 9nj9 
1 -Phenyl-1 -decanone 1 -Phenyl-1 -decyl hydroperoxide 
Phenylcyclohexane 1 -Phenyl-1 -hexanone 1 -Phenyl-1 -cyclohexyl hydroperoxide 
Figure 5.38 Structures of the major LOPs formed in the autoxidation of aromatic hydrocarbons 
During the oxidation of aromatic hydrocarbons it has been observed that no products 
have been detected from attack at any of the aromatic centres. This is thought to be due 
to the milder conditions used in this project when compared to other g roups .The 
oxidation products that have been detected show that all mechanisms seen for 
naphthenic and paraffinic hydrocarbons are applicable to aromatic systems. 
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5.6 Conclusions 
This chapter presents the results for the analysis of the oxidation products formed for all 
hydrocarbons contained within the hydrocarbon library except decane which has been 
previously discussed in Chapter 4. Some of the hydrocarbons have no reported product 
studies in the literature to date, and therefore the analysis of the autoxidation of these 
compounds are entirely novel. These hydrocarbons are pristane, /-butylcyclohexane, t-
butylcyclohexane, bicyclohexyl, «-heptylcyclohexane, perhydrofluorene and 1,5-
dimethyltetralin. 
For some of the hydrocarbons degraded above a maximum is observed in the 
concentration of hydroperoxides. This maximum is often observed along with a 
subsequent period of autoretardation (a significant decrease in the rate of LOP 
foiTnation). Figure 5.39 shows the reaction profiles for the percentage conversion to 
LOPs, the concentration of hydroperoxides (secondary axis) and the differential of the 
percentage conversion to LOPs for the autoxidation of decalin. The differential of the 
percentage conversion to LOPs equates to the rate of LOP formation. This figure shows 
that the maximum in hydroperoxide concentration occurs precisely at the same instance 
as the maximum in the rate. This suggests that LOP formation is dependent on the 
concentration of hydroperoxides in the system, a trade mark of autoxidation reactions. 
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Figure 5.39 Reaction profiles for the autoxidation of decalin. 
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The product profiles for some of the hydrocarbon degraded have shown, however, that a 
maximum in the concentration of hydroperoxides is not always observed in conjunction 
with a period of autoretardation. These compounds are r-butylcyclohexane (Figure 
5.16), bicyclohexyl (Figure 5.18) and decane (Chapter 4 Figure 4.1). It is considered 
that these reactions have been terminated too early to see the full process of 
autoxidation within the 6 h time limit given for each experiment. If these reactions were 
extended it is felt that they would also show a period of autoretardation in their reaction 
profiles. 
The paraffinic hydrocarbons discussed in this chapter have shown similar product 
formation pathways as those observed in the autoxidation of decane. The degradation of 
the branched paraffins, pristane and squalane, have also shown that attack centres on the 
branch points of these hydrocarbons. 
The degradation of naphthenes has shown similar oxidation routes to those found for 
paraffinic systems, with the addition of one new oxidation product pathway for 
unsaturated ketones. Ring opening is also a process that is specific to naphthenes, 
although the mechanism involved is also seen in paraffinic hydrocarbon autoxidations. 
Ring opening has been observed to occur at the latter stages of reaction only, and is 
therefore considered to be an unfavourable process due to the stability of a ring 
systems. Unlike paraffinic systems alcohols are not thought to be the primary precursor 
to ketones in naphthenic autoxidation reactions, this conclusion has been drawn from 
the assessment of the product distributions for alcohols and ketones of the cyclohexyl 
naphthenes. 
The degradation of aromatic hydrocarbons has shown similar chain scission products to 
paraffins and naphthenes. The benzene ring is shown to direct attack toward the a-
position of the alkyl side chain. No oxidation has been detected at any point on the 
aromatic ring; it is concluded that the conditions used in this project are not harsh 
enough to break the stability imposed by aromaticity. 
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6 Bi-Component Hydrocarbon Autoxidations 
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6.1 Introduction 
Few industrial petrochemical products are used in pure hydrocarbon form. Yet pure 
hydrocarbon oxidation has become a conventional way of simulating the degradation 
and oxidation pathways of petrochemical compounds due to the simplicity of looking at 
single component systems/^' Degradation reactions upon mineral oils, 
fractionalised into subsequent hydrocarbon classes (paraffins, naphthenes and 
aromatics), have also been reported,^^ ^ however co-oxidations are a relatively 
unexplored area of hydrocarbon autoxidation. 
In 1955 Russell found that mixtures of cumene and small amounts of a more reactive 
compound - tetralin, oxidise at rates considerably below that of either of the pure 
compounds.Russel l suggested that this decrease in rate was caused by relatively high 
quantities of tetralylperoxy radicals more readily performing termination events than the 
cumylperoxy radicals, thereby lowering the steady state concentration of the peroxy 
radicals in solution and lowering the rate of reaction. Other reactive hydrocarbons that 
form secondary peroxy radicals were also found to retard the rate of cumene oxidation. 
Subsequent papers reporting the oxidation of other hydrocarbon pairs have supported 
Russell's findings. 
Booser and Fenske have published the reaction profiles for the degradation of two 
binary 50:50 mixtures, hexadecane: cw-decalin and hexadecane: 1-methylnaphthalene, 
along with various other pure hydrocarbons."^ With the paraffin-naphthene mixture of 
hexadecane and cw-decalin, it was found that the rate of oxidation in the initial stages 
was similar to that of the averaged rates of the pure hydrocarbon reactions. However, in 
the latter stages of reaction the rate of oxidation increased well above that of a simply 
averaged value and was found to be closer to that of the less stable hydrocarbon, cis-
decaUn when degraded in its pure form. This was accounted for by the faster oxidation 
of hexadecane whilst in the presence of the more reactive c/^-decalin. 
The stability of the paraffin-aromatic mixture of hexadecane and 1-methylnaphthalene 
was found to be comparable to the pure degradation of 1-methylnaphthalene, the more 
stable of the two hydrocarbons. It was suggested that attack predominantly took place 
on the aromatic hydrocarbon which formed an inhibiting hydroxy compound. 
This chapter reports and discusses the results of the degradations of binary hydrocarbon 
mixtures. Four different systems are covered in this chapter; Dec:DHN, 1,5-
DMT:rBuCy, Deci^BuPh and DHN:PHF. Along with these systems, Dec:Pristane, 
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PHFinBuCy and Dec:rBuPh were also analysed, however initiation did not occur in any 
of these systems and they are not discussed any further. All reactions were undertaken 
without a copper(II) acetate catalyst and ratios of the binary mixtures are calculated in 
vol%. 
6.2 Decane : Decalin 
The reaction profiles for the degradation of Dec, DHN and their bicomponent mixtures 
are presented in Figure 6.1. All bicomponent systems are interaiediary to the pure 
hydrocarbon profiles, and equilibrium limits appear in the reaction profile when the 
percentage of decalin > 50%. 
U 30 
• 50:50 Dec:DHN 
• 30:70 Dec:DHN 
• 70:30 Dec:DHN 
T Dec 
• DHN 
Time (h) 
Figure 6.1 Reaction profiles for the degradations of decane, decalin and their binary mixtures. 
Oxidation parameters have been calculated for each reaction, they have been tabulated 
in Table 6.1 below. 
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Table 6.1 Oxidative Stability Parameters for the autoxidation of Dec, DHN and their binary 
mixtures. 
Nominal 
Ratio 
DeciDHN 
%Dec %DHN Profile Type 
%LOP 
_ 6 ( % ) 
kac (10 ' 
M s'l) 
kar (10 ' 
X M s'*) IT (h) 
0:100 0 100 2 5&0 7.98 3.85 0.90 
30:70 22 78 2 57.0 7.14 L86 1.48 
50:50 51 49 2 45^ L83 200 
70:30 68 32 1 2&4 4.14 - 336 
100:0 100 0 1 16.3 1.97 - 334 
Figure 6.2 to Figure 6.4 graphically represent the variation in the following oxidation 
parameters; IT, kac and %L0P_6, plotted against the percentage of decane in the 
mixtures. A linear trend line (in red) is given in these plots, which designates expected 
values from calculating the weighted averages of the original experimental values of the 
mono-component hydrocarbon data. For each oxidation parameter, weighted averages 
are a tolerable approximation of the experimental values. This indicates an approximate 
linear dependence between oil composition and oxidative stability. 
"oDec "oDec 
Figure 6.2 Plot of IT against the percentage of Figure 6.3 Plot of against the percentage of 
Dec in its binary mixtures with DHN. Dec in its binary mixtures with DHN. 
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®oDec 
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Figure 6.4 Plot of %L0P_6 against the 
percentage of Dec in its binary mixtures with 
DHN. 
It is hard to detect any bias in the degradation of these binary mixtures towards either of 
the hydrocarbons present. The oxidation parameters for each individual hydrocaibon in 
the binary mixtures are shown in Table 6.2. The induction time values show that 
oxidation occurs initially on the most predominant hydrocarbon. This is surprising as 
DHN has proven to be less stable to oxidation, see Chapter 3, and therefore attack is 
expected to initially occur on this hydrocarbon. The proportion of DHN oxidised in 
each mixture is always higher than that of decane, as is its rate of oxidation. 
Table 6.2 Oxidation parameters for decane and decalin in their binary mixtures. 
Nominal Ratio IT (h) %LOP_6 (%) kac (XIO " Ms"^) 
Dec:DHN Dec DHN Dec DHN Dec DHN 
0:100 0.90 5&0 7.98 
3&70 1.91 1.62 51.1 6L9 %81 
50:50 1.88 1.97 34J 573 3J5 
70:30 3.56 3jW 226 323 2.90 5.08 
100:0 3JW 1&3 1.97 
DHN contains two tertiary centres whereas Dec, being a straight chain paraffin, contains 
none. A weighting towards DHN was expected in the degradation of the binar y 
mixtures of Dec:DHN as the ease of hydrogen abstraction at its two tertiary centres 
should decrease the stability of the system as a whole. 
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6.3 1,5-DimethyItetraIin : r-ButylcycIohexane 
The reaction profiles for the degradation of 1,5-DMT, /BuCy and their binaiy mixtures 
are presented in Figure 6.5. The oxidative stability parameters for these systems aie 
shown in Table 6.3. Figure 6.5 clearly shows that the profile shape of each of the 
intermediary mixtures has changed. An early equilibrium limit is now present which is 
not observed in either of the original mono-component degradations. 
Time (h) 
50:50 l,5-DMT:fBuCy 
30:70 1,5-DMT:rBuCy 
70:30 l,5-DMT:fBuCy 
1,5-DMT 
fBuCy 
Figure 6.5 Reaction profiles for the degradations of 1,5-DMT, rBuCy and their binary 
mixtures. 
Table 6.3 Oxidative Stability parameters for 1,5-DMT, /BuCy and their binary mixtures. 
Nominal 
Ratio 1,5-
DMTzfBuCy 
% 1,5-
DMT BuCy 
Profile 
Type 
%LOP kac (10 ' 
M s'l) 
kar (10 ' 
X M s'l) 
IT 
(h) 
0:100 0 100 1 10.7 1.11 - 127 
30:70 2&5 73 j 3 37.2 1.04 0 a37 
50:50 50 50 3 50.7 1.04 0 0.01 
70:30 725 27^ 3 54^ 1.41 0 037 
100:0 100 0 2 633 8.40 3.64 &33 
Figure 6.6 to Figure 6.8 shows how the oxidation parameters vary with the percentage 
of 1,5-DMT. A linear dependence between oil composition and stability cannot be 
assumed as experimental values differ greatly from the calculated weighted averages 
(shown in red). The induction time is drastically shortened for all binary mixtures, 
showing a distinct bias towards the least stable hydrocarbon - 1,5-DMT. The rates of 
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oxidation, on the other hand, show a bias for fBuCy, the more stable hydrocarbon. The 
values for the percentage conversion to LOPs at 6 h are intermediary to both pure 
systems and show no significant bias to either of the hydrocarbons. The extieme change 
in profile shape is noted to make the comparison of the rate constants of autocatalysis 
less useful in assessing system stability. Overall, a strong bias is observed towards the 
least stable hydrocarbon - 1,5-DMT, which has decreased system stability more than 
the calculated weighted averages can account for. 
%1,5-DlMT % 1,5-DMT 
Figure 6.6 Plot of IT against the percentage of Figure 6.7 Plot of k^ c against the percentage of 
1,5-DMT in its binary mixtures with rBuCy. 1,5-DMT in its binary mixtures with fBuCy. 
% 1,5-DMT 
Figure 6.8 Plot of %LOP_6 against the 
percentage of 1,5-DMT in its binary mixtures 
wi th fBuCy. 
Table 6.4 shows the oxidation parameters for each individual hydrocarbon within their 
binaiy mixtures. 1,5-DMT is the first hydrocarbon under attack and is also degraded to 
a much greater degree than fBuCy. However, the rates of oxidation for each 
hydrocarbon are comparable. 
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Table 6.4 Oxidative stability parameters for 1,5-DMT and fBuCy in their binary mixtures. 
Nominal Ratio 1,5- IT (h) %LOP_6(%) kac (XIO 
DMT:fBuCy 1,5-DMT fBuCy 1,5-DMT fBuCy 1,5-DMT fBuCy 
0:100 3.27 10.7 1.11 
30:70 &34 0 J 7 7 2 4 9.1 273 238 
50:50 0.04 0.00 833 19.0 2.11 1.92 
70:30 a 3 3 0.41 7&6 30.4 2.06 2.90 
100:0 &33 6 3 3 &40 
Overall this system seems to be dominated by the degradation of 1,5-DMT. The 
equihbrium limits seen for the binary mixtures of 1,5-DMT and fBuCy suggest that 
termination events, which form inactivates, occur more frequently when these two 
hydrocarbons are mixed than seen in their mono-component oxidations. 
6.4 Decane : s-Butylbenzene 
The reaction profiles for the degradation of Dec, ^BuPh and their bicomponent mixtures 
are presented in Figure 6.9. The profiles of the mixed hydrocarbon systems show a 
definite bias towards the decane concentration. It is also apparent that the shapes of the 
reaction profiles for the bicomponent mixtures are similar' to that of pure decane. 
U 30 
• 50:50 DecuBuPh 
• 30:70 Dec:sBuPh 
• 70:30 Dec:^BuPh 
T Dec 
• ^BuPh 
Time (h) 
Figure 6.9 Reaction profiles for the degradations of Dec, sBuPh and their binary mixtures. 
198 
Chapter 6. Bi-Component Hydrocarbon Autoxidation 
The reaction of pure Dec and the 50:50 mixture of Deci^BuCy have similar reaction 
profiles. It can be seen that addition of decane into sBuPh greatly stabilises the system. 
Looking at this from a different perspective, the addition of sBuPh into Dec can only be 
said to slightly affect the stability of the overall system. Low concentrations cause a 
slight stabilisation, whereas high concentrations cause a slight destabilisation. Table 6.5 
lists the oxidation parameters for these systems. 
Table 6.5 Oxidative stability parameters for Dec, sBuPh and their binary mixtures. 
Nominal Ratio Profile %LOP kac (10 ' kar (10 ' IT 
Dec:sBuPh /c uec BuPh Type _6(%) M s'l) X M s'*) (h) 
0:100 0 100 2 62/1 0.21 4 J 2 4.64 
30:70 30 70 1 23.8 2.55 3.04 -
50:50 50 50 1 15.7 2.52 1J8 -
70:30 70 30 1 14.9 2.67 1.69 -
100:0 100 0 1 1&3 3 J # 1.97 -
Figure 6.10 to Figure 6.12 show how the oxidation parameters vary with the percentage 
of decane. As previously seen, a linear dependence between stability and composition 
cannot be assumed. Each binary mixture shows oxidation parameter values that are 
much closer to decane, the more stable hydrocarbon, than 5-butylbenzene. Paiameters 
for the individual hydrocarbons in their mixtures cannot be tabulated here as these two 
hydrocarbons have similar GC retention times and so they cannot be resolved. 
"oDec 
100 
Figure 6.10 Plot of IT against the percentage 
of Dec in its binary mixtures with sBuPh. 
0 100 50 
®oDec 
Figure 6.11 Plot of k^ c against the percentage 
of Dec in its binary mixtures with sBuPh. 
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40 -
®oDec 
Figure 6.12 Plot of %L0P_6 against the 
percentage of Dec in its binary mixtures with 
jBuPh. 
It is known that low levels of aromatic compounds can stabilise a system overall 
This can occur by the production of phenolic compounds that act as autoxidation 
inhibitors, see Section 1.6.4. Chapter 5 shows that the conditions used in this project 
were not severe enough to incur attack on aromatic hydrogens. Consequently, phenolic 
inhibition cannot explain why addition of low levels of sBuPh causes stabilisation of the 
oxidation of decane. 
6.5 Decalin : Perhydrofluorene 
The reaction profiles for the degradation of DHN, PHF and the bicomponent mixtures 
are shown in Figure 6.13. The profile for the 30:70 mix of DHN:PHF lies below that of 
the pure PHF reaction profile. Again a bias towards the more stable hydrocarbon is 
observed. 
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Time (h) 
Figure 6.13 Reaction profiles for the degradations of DHN, PHF and their binary mixtures. 
Like the Decr^BuPh systems discussed above, the reaction profile of the 50:50 mixtuie 
of DHN:PHF is comparable to the reaction profile of the most stable hydrocarbon -
PHF. Table 6.6 list the oxidative stability parameters for DHN, PHF and their binaiy 
mixtures. 
Table 6.6 Oxidative stability parameters for DHN, PHF and their binary mixtures. 
Nominal Ratio 
DHN:PHF %DHN %PFH 
Profile 
Type 
%LOP 
_6(%) 
kac (10 ' 
M s'l) 
kar (10 ' 
X M s'*) 
IT 
(h) 
0:100 0 100 1 7.9 1.43 4.43 
30:70 52 48 1 2.6 4^2 
50:50 65 35 1 10.6 2.2 4.28 
70:30 80 20 2 40.7 9.01 3.96 3.91 
100:0 100 0 2 5&0 7.98 185 0.90 
Figure 6.14 to Figure 6.16 show how the oxidation parameters vaiy with the percentage 
of DHN. The induction time shows bias towards the more stable hydrocarbon. 
Measuring the induction time for the pure PHF oil, and the 50:50 and 30:70 mixtures of 
DHN:PHF, is problematic as it is difficult to tell within the time hmits whether they 
have reached a maximum rate of autocatalysis after 6 h. The rate constants for the 70:30 
mix of DHN;PHF are well above that of the pure DHN system. It is expected that if the 
reactions of pure PHF and the 50:50 and 30:70 mixtures of DHN:PHF were extended 
higher rate constants would be calculated as a maximum rate of autocatalysis is not 
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believed to have been reached. A bias towards the more stable hydiocarbon is seen in 
the percentage conversion to LOPs after 6 h. 
<^ i>DHN 
100 
®6DHN 
100 
Figure 6.14 Plot of IT against the percentage Figure 6.15 Plot of kac against the percentage 
of D H N in its binary mixtures with PHF. of D H N in its binary mixtures with PHF. 
%DHN 
Figure 6.16 Plot of %L0P_6 against the 
percentage of D H N in its binary mixtures with 
PHF. 
The oxidation parameters for the individual hydrocarbons contained within the binary 
mixtures show that decalin is attacked initially, Table 6.8. It also shows that for the 
mixtures of DHN < 50%, PHF is oxidised to a higher degree than DHN, and with 
slower rates. In the 70:30 mixture DHN:PHF, PHF was not degraded at all. All 
oxidation took place on decalin, this further suggests, that for this reaction at least, a 
maximum rate has not been achieved and that the overall oxidation is in the pre-
autocatalytic phase. 
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Table 6.7 Oxidation parameters for DHN and PHF in their binary mixtures. 
Nominal Ratio IT (h) %LOP_6 (%) kac (xlO"^ Ms"') 
DHN:PHF DHN PHF DHN PHF DHN PHF 
0:100 4.43 1.43 
30:70 0.42 
- 7.99 0 3.56 0 
50:50 3J8 5.23 16.6 8.47 &63 
70:30 183 3.99 25J 7&9 1^9 2 3 2 
100:0 0.9 58 7 j # 
No linear dependence is seen between molecular composition and oxidative stability for 
the mixture of DHN and PHF. A bias towards the more stable hydrocarbon, PHF, is 
observed. 
6.6 Comparison of Mono and Bi-Component Systems 
The non-linear dependence between molecular composition and hydrocarbon stability in 
mixed systems has suggested that statistical analysis techniques, such as linear 
regressions used in Chapter 3, are not valid. However, if stability trend predictions are 
to be made on hydrocarbon mixtures, assessment has to be made as to whether mixed 
systems and pure systems can be correlated together. Even if the trends observed are 
non-linear, it is still helpful to know whether those taken from pure hydrocarbon 
degradations are applicable to the bicomponent systems used within this project. 
One way to do this is to compare a bicomponent system with a pure hydrocarbon 
system that has the same molecular descriptors. Table 6.8 lists the molecular descriptors 
for decane, decalin, their 50:50 mix and /i-butylcyclohexane. The bulk property 
measurements for n-butylcyclohexane and the 50:50 mix decane:decalin, such as m.p., 
b.p., a.p., KvlOO etc., will obviously be different, however, in terms of their molecular 
description, they are the same. 
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Table 6.8 Molecular descriptors of Dec, DHN, their 50:50 mix and /jBuCy. 
%C %CH %CH2 %CH3 %Ar %qAr No. of Rings BI 
Decane 0 0 80 20 0 0 0 0.00 
50:50 Dec:DHN 0 10 80 10 0 0 1 0.06 
DHN 0 20 80 0 0 0 2 0.10 
nBuCy 0 10 80 10 0 0 1 0.06 
The reaction profiles for the degradation of these four systems are seen in Figure 6.17. It 
can be seen that the reaction profiles for the 50:50 Dec:DHN system and nBuCy are 
extremely similar in the early stages of reaction. This is an indication that pure and 
bicomponent systems with the same molecular description will degrade in the same way 
and have similar stabilities. Unfortunately this is the only bicomponent system degraded 
within this project that can be compared with a pure hydrocarbon system in this way. 
U 30 
Time (h) 
• Dec 
• D H N 
• 50:50 D e c : D H N 
T / iBuCy 
Figure 6.17 Reaction profiles for the degradation of decane, decalin, their 50:50 mix and n-
butylcyclohexane. 
Although no other bicomponent systems can be compared with a pure hydrocarbon 
system, it is still possible to determine whether the trends observed in the degradation of 
pure hydrocarbon oils are relevant for binary mixtures. The highest correlation 
coefficients for the induction time in the degradation of pure hydrocarbons without any 
catalyst present were observed with the number of saturated rings (0.48) and the 
percentage of secondary carbon centres (0.37), see Appendix Table A2. Figure 6.18 and 
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Figure 6.19 show the plots of the induction time versus the number of saturated rings 
and the percentage of secondary carbon centres respectively. 
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Figure 6.18 Plot of the induction time versus the no. of saturated rings for the degradation of 
pure and bicomponent systems. 
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Figure 6.19 Plot of the induction time versus the percentage of secondary carbon centres for the 
degradation of pure and bicomponent systems. 
These plots show that the bicomponent systems fit in well with the mono-component 
systems, as the points for each mixture lie within the area defined by the pure 
hydrocarbons. This indicates that the trends observed in pure hydrocarbon degradations 
are also observed in hydrocarbon mixtures. 
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6.7 Conclusions 
The results of the degradation reactions of the bicomponent systems have established 
that there is no linear dependence between the molecular composition of a hydrocarbon 
mixture and its stability. This means that some statistical analysis techniques like linear 
regression, are not useful in determining hydrocarbon stability based on molecular 
properties. Most bicomponent systems have shown a bias in their stability towards one 
of the pure hydrocarbons contained within it. This hydrocarbon dominates the 
bicomponent degradations and causes the shape of the reaction profile, the IT, the kac 
and the %L0P_6 to be closer in value to it than that of the less dominant hydrocarbon. 
No prediction of the dominant hydrocarbon can be accomplished as no trends are 
apparent. Table 6.9. The dominant hydrocarbon cannot necessarily be described as the 
most or least stable. The class distinction of each hydrocarbon is also unhelpful. If a 
naphthene (naph) dominates a paraffin (para) and an aromatic (arom) dominates a 
naphthene, then an aromatic should also dominate a paraffin, which is not observed. 
Table 6.9 Summary of the bias observed in the degradation of the bicomponent hydrocarbon 
systems. 
System Dominant HC 
Stability of 
Dominant HC 
Class of HC that 
bias is observed in 
Dec:DHN DHN Least Naph over para 
l,5-DMT:tBuCy 1,5-DMT Least Arom over naph 
Dec:sBuCy Dec Most Para over arom 
DHNiPHF PHF Most Naph over naph 
Trends observed between composition and stability in mono-component hydrocarbon 
autoxidations have proven to hold true for all the bi-component systems analysed in the 
section. This is a significant finding, which can be extrapolated to draw the conclusion 
that pure hydrocarbon autoxidations are valid models for mixed hydrocarbon 
autoxidations of a more complex nature, like that found in industrial base oils. 
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7 Industrial Testing of Doped Base Oils 
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7.1 Introduction 
A liquid lubricant must have the following basic functions: 
• Create a film between moving parts to minimise friction and wear 
• Act as a coolant to remove heat. 
Before a lubricant can be commercialised it has to undergo numerous in-house and 
industry standard tests. These range from simple, inexpensive bench tests to time 
consuming, very expensive field tests."^ 
The effect of the base oil composition on lubricant stability has been the subject of this 
report, using model base oil components (single and binary mixtures of hydrocarbons) 
to draw conclusions about the relationship between base oil composition and oxidative 
stabihty. As an extension to this investigation two industrial base oils Etro 4 cSt and 
Visom 4 cSt, provided by Infinieum Inc., have been doped with 20 % (v/v) of a pure 
hydrocarbon from each of the following classes: 
• n-Paraffinic - Hexadecane (HD) 
• /-Paraffinic - Squalane (Sq) 
• Naphthenic - Decahydronaphthalene (DHN). 
The stability variations imposed by changing a base oil's hydrocarbon composition have 
then been measured using a range of industrial bench tests that are in use today to assess 
a base oil's performance. These bench tests are tabulated below in Table 7.1. 
Table 7.1 Bench test utilised in the analysis of doped base oil stability. 
Bench Test Description Method 
"C-NMR Pre oxidation characterisation Varian Unity 300 
spectrometer following an 
in-house method.* 
Aniline point Pre oxidation characterisation ASTM D611* 
NOACK Pre oxidation characterisation CEC-L-40* 
KVlOO Pre and post oxidation characterisation ASTM D445* 
TOST Blown oxygen oxidation test Based on ASTM D2893** 
FT-IR Post oxidation characterisation * * * 
TAN Post oxidation acidity measure ** 
PDSC Measure of induction time * * * 
CMOT Measure of solid deposit formation over 
time 
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* Analysis performed by: SGS United Kingdom Limited 
Reg Office: Rossmore Business Park, Ellesmere Port, 
Cheshire CH65 SEN 
**Analysis performed by: Infineum UK Ltd 
PO Box 1, Milton Hill, Abingdon, 0X13 6BB 
***Analysis performed by: LGC Limited 
The Heath, Runcorn, Cheshire, WA7 4QD 
****Analysis performed by: Southwest Research Institute 
6220 Culebra Road, PO Box 28510, San Antonio, TX 
78288-0510 
Below each bench test is explained in terms of their specific uses in the lubricant 
industry and the conditions used for this investigation. 
7.1.1 '^C-NMR Spectroscopy (Carbon-13 Nuclear Magnetic Resonance 
Spectroscopy) 
^^C-NMR spectroscopy is a technique that is used in the base oil industry to analyse the 
composition of a base oil.^ "^ ' From this technique it is possible to estimate 
structural parameters such as normal and iso-paraffin contents, average chain length and 
number of branching s i t e s . I t has also been used to derive the structure of a base oil in 
terms of the percentage of carbon types contained within the m i x t u r e . T h e results 
from ^^C-NMR spectra are used to explain differences in performance between base 
oils.^^' 
Within this project ^^C-NMR spectra were obtained and spectral editing undertaken 
using the Gated Spin Echo (GASPE) technique; this enables different proton 
environments to be probed by selectively "switching o f f the 'H-^^C couple. A 
conventional '^C-NMR spectrum is normally obtained under "proton decoupled" 
conditions, where the sample is irradiated with a second radio signal that causes rapid 
switching of proton spin states, removing the imbalance between energy states 
fundamental to NMR spectroscopy (^^C-^^C coupling need not be considered due to the 
low probability of having two adjacent '^C nuclei). If a pulsed signal is applied, with a 
timescale similar to that of NMR relaxation (a few milliseconds) it is possible, with 
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appropriate signal processing, to determine the proton environment of each individual 
carbon atom, and selectively obtain spectra corresponding to particular environments 
{i.e., CH3, CH2, CH and quaternary C). This technique is particularly useful when 
studying highly saturated base oils, where virtually all the carbon atoms are in a 
saturated environment and the aromatic content is exceedingly low. The carbon atom 
distributions for the base stock samples are expressed as a percentage of total caibon 
atoms (in mole %). 
CH3, CH2, CH and Cq represent the percentage of carbon atoms in primary, secondary, 
tertiary and quaternary environments, respectively. CH2>4 represents the percentage of 
carbons that are more than four carbons removed from both a branch and an end group 
{i.e., long straight carbon runs, where the signals cannot be resolved in NMR). Pendant 
methyl groups can also be identified and thus the percentage of carbons that are in 
methyl branches calculated. One other function of '^C-NMR in the lubricant industry is 
to calculate the basestock branching index to provide an overall picture of the base stock 
micro-structure, see Figure 7.1. 
C H = b ranch 
C q = b r a n c h x2 
CI , + 
2[JCH2 + J C H + J C , J 
Figure 7.1 Definition of branching index. 
7.1.2 Aniline Point 
The aniline point is a measure of the temperature at which equal volumes of an oil and 
aniline become miscible. The value aids in the characterisation and analysis of base oils, 
and is most often used as an indication of the aromatic content of the oil as due to the 
aromatic character of aniline, a high aniline point will indicates a high saturate level. In 
a homologous series the aniline point is directly proportional to the molecular weight. 
This measure is used in industry as a guide a base oil performance; it has been related to 
oxidative stability and s o l v e n c y . I t also gives a good indication of the solvency the 
base oil will have for the additive package. 
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7.1.3 TOST (Themo-oxidative Oil Test) 
TEOST is a blown air/oxygen oxidation test that evaluates the oxidative stability of an 
oil at elevated temperatures. There is an option with this test to perform oxidations in 
the presence of water or metal catalyst coils. The end point for this test is most 
frequently determined as when the oil has reached its oxidation lifetime, or the test can 
be run for a set duration for direct comparison. The oxidation lifetime of the oil is 
defined as the time it takes for the measured acid number to reach 2.0 mg KOH/g. 
Samples of the oil are taken at specific time points and results can be interpolated. 
Conditions are variable for this test. Within this project the conditions used are specified 
below. 
• Temperature: 150 °C 
• Without water 
• With catalyst coil 
• Oxygen as the oxidant (flow rate at 10 litres/hour) 
• Test duration; 240 hours (10 days) 
Viscosity increase, TAN number and FT-IR spectra were analysed at the endpoint of the 
test. 
7.1.4 KVlOO (kinematic viscosity at 100 °C) 
The kinematic viscosity is measured in industry to differentiate between base oils and 
their lubricant performance. The viscosity of an oil is optimised by refining and by 
viscosity modifiers in the additive package. The viscosity of an oil is of extreme 
importance, see Chapter Section 1.2 and upon degradation minimal viscosity changes 
are desirable. Kinematic viscosity is determined from the time it takes a fixed volume of 
liquid to flow under gravity through a capillary at a known temperature, in this case 100 
°C. 
7.1.5 FT-IR Spectroscopy (Fourier Transform Infra Red Spectroscopy) 
FT-IR can determine the degree of oxidation an oil has undergone by a general response 
in the carbonyl (C=0) region between 1800 and 1670 cm \ Few compounds found in 
newly formulated petroleum base oils have a significant absorbance in this region. As 
well as a general measure of oxidation, FT-IR can be used to identify nitration products 
(1650-1600 cm"^), sulphur products (1180-1120 cm '), soot (-2000 cm"') and water 
(3400-3600 cm"'), see Figure 7 .2 . ' " 
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Figure 7.2 FT-IR spectrum of degraded oil, taken f rom ref. 153 
7.1.6 TAN (Total Acid Number) 
The TAN measurement is the amount of potassium hydroxide in milligrams that is 
needed to neutralise the acids in one gram of oil. The TAN value indicates the potential 
of corrosion problems inside a car engine. It is usually the naphthenic acids in the oil 
that cause corrosion issues. This type of corrosion is referred to as naphthenic acid 
corrosion or NAC. TAN values can be deduced by potentiometric titration or by color 
indicator titration. 
7.1.7 NOACK 
In the NOACK Volatility Test the oil is heated to 150 °C for a specified period. Lighter 
oil fractions will "boil off" leading to oil consumption, oil thickening and a loss of 
performance. The percentage lost, by weight, due to this "boil-off is reported. 
Industry has inflicted different NOACK passing requirements depending on the weight 
of the oil being tested. For example, lOW-30 oil in the United States may lose up to 22 
%, by weight, and still be "passable." However, with 20 percent gone, the oil suffers 
significant performance deficits in characteristics such as pumpability and lubricity. 
European standards limit high quality oils to a maximum of 13 % loss.'^"^ 
7.1.8 PDSC ("Pressurised Differential Scanning Calorimetry) 
This technique heats two identical metal containers, one containing the sample and one 
reference container which is empty. The energy applied in order to keep the 
temperatures of the metal containers equal is measured. PDSC is a severe pressurised 
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system (100 psi air or oxygen) which is normally reserved for packages containing 
antioxidants. In this technique the metal containers are held at a constant temperature 
(180 and 210 °C) and the time it takes the sample to degrade (induction time) is 
recorded. The advantage of this test is that being a thin-film oxidation it mimics the 
temperatures and thickness of the oil in the engines pistons. It is also relatively cheap, 
quick, easy to carry out and has a high throughput requiring only small amounts of 
sample. The disadvantages are that is sensitive to certain types of chemistry and 
therefore is not useful for comparing additives such as detergents and it gives no 
information about bulk oil areas such as the sump. 
7.1.9 CMOT (Caterpillar Micro-Oxidation Test) 
This method measures lubricant oxidation and deposit forming tendencies under thin 
film conditions at elevated temperatures. A thin film (20 mg of sample) is placed on a 
metal test specimen and heated (210 °C, 80 mins). The specimen is cooled, rinsed with 
tetrahydrofuran and the percentage deposit determined. The standard deviation for this 
test is 4-5 %. In industry this test is used to screen additives such as antioxidants and 
detergents. A plot of the percentage deposit over time can be used to measure induction 
time (tangential), which can in turn be used to predict lubricant performance in full 
scale engine tests. Although this test is quick and easy to perform, disadvantages 
include the variable way in which the data can be analysed /interpreted and the relative 
expense. 
7.2 Results and Discussion 
7.2.1 ^^C-NMR 
The compositional changes imposed by doping each base stock with 20 % (v/v) of a 
pure hydrocarbon have been measured by '^C-NMR. The results are presented below in 
Table 7.2 expressed as percentage of carbon distribution. 
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Table 7.2 '^C-NMR results for doped basestocks - results are presented as percentage of carbon 
distribution with the exception of BI. 
Basestock CHa 
(%) 
CHa 
(%) 
CH 
(%) 
Cq(%) CH2>4 (%) 
Pendant 
Methyl 
(%) 
BI 
Etro 15.7 653 17.9 1.1 13.4 6.5 0.12 
Visom 15.3 6&1 15.1 0.5 15.3 6.1 0.10 
Etro + HD 16/2 6&2 L18 1.8 19.4 6.0 O.IO 
Etro +Sq 18.1 60.5 17.8 1.8 10.4 9.3 0.13 
Etro + DHN 14.3 &10 19.0 1.7 11.2 6.1 0.13 
Visom + HD 16.0 71.5 11.5 0.9 21.5 5.3 0.08 
Vsiom +Sq 18.1 66.4 16.6 0.8 128 8.8 0.11 
Visom + DHN 13.4 69.7 16.1 0.8 114 5.4 0.10 
The percentage change in basestock composition as a result of 20 % (v/v) doping of 
Etro 4 cSt and Visom 4 cSt with a pure hydrocarbon are depicted in Figure 7.3 and 
Figure 7.4 respectively. Some of the carbon distributions are observed to change much 
more than a level of 20 % doping should allow, e.g. they have increase/decreased over 
20%. 
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Figure 7.3 Percentage of original basestock composition as a result of 20 % (v/v) doping of 
Etro 4 cSt with a pure hydrocarbon as determined by '^C-NMR. 
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a V isom 4cSt + HD 
• V isom 4cSt + Sq 
• V isom 4cSt + DHN 
Figure 7.4 Percentage of original basestock composition as a result of 20 % (v/v) doping of 
Visom 4 cSt with a pure hydrocarbon as determined by "C-NMR. 
It is therefore interesting to look at the calculated carbon distribution values as expected 
from a 20 % (v/v) doping. These data are shown in Table 7.3, the carbon distribution 
values for the pure hydrocarbons are also shown for comparative purposes. 
Table 7.3 Calculated '^C-NMR results for doped basestocks based on 20 % v/v mixture. 
Basestock 
CH3 (%) CH2 (%) 
CH 
(%) 
Cq (%) CH2>4 
(%) 
Pendant 
methyl (%) BI 
Etro + HD 15.06 69J4 1432 a 8 8 20.72 5^0 0.10 
Etro + Sq 66.91 14.32 a 8 8 10.72 10.53 0.12 
Etro + DHN 1256 6&24 1832 0.88 10.72 5^0 0.12 
Visom + HD 14.74 7278 12.08 0.40 22.24 4 j # 0.08 
Vsiom + Sq 17.57 69.95 12.08 0.40 12.24 10.21 0.10 
Visom + DHN 12.24 7L28 16.08 0.40 12.24 4.88 0.10 
HD 12.50 87 JW 0.00 0.00 50.00 0.00 0.00 
Sq 26.67 7333 0.00 0.00 0.00 26.67 0.11 
DHN 0.00 8&00 20.00 &00 0.00 0.00 0.10 
The differences between the spectroscopically measured and calculated values have 
been tabulated in Table 7.4. Error bars can now be put on Figure 7.3 and Figure 7.4 as 
determined by the average difference between spectroscopically measured and 
calculated values expressed as a percentage of the original base oil values, shown for 
Etro 4 cSt in Figure 7.5 and for Visom 4 cSt in Figure 7.6. 
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Table 7.4 Difference between spectroscopically determined and calculated values for the 
percentage carbon distribution of doped base oils. 
Basestock 
CH) (%) CH2 
(%) 
CH 
(%) 
Cq 
(%) 
CH2> 
4(%) 
Pendant 
methyl 
(%) 
BI 
Etro + HD 1.14 1.54 0.52 (192 L32 &80 (100 
Etro + Sq 0.21 6.41 348 (192 0 3 2 1.23 0.01 
Etro + DHN 1.74 3^4 0.68 a82 &48 0.90 0.01 
Visom + HD 1.26 L28 a58 0.50 a74 0.42 (100 
Vsiom + Sq 0 J 3 3.55 4.52 0.40 0.56 1.41 0.01 
Visom + DHN 1.16 1.58 &02 0.40 1.16 a52 0.00 
Average 1.01 2.93 1.63 0.66 0.76 0.88 0.01 
Standard Error 
(expressed as a 
percentage of the 
original basestock) 
6.49 4.36 9.90 82.50 5.32 13.99 5.76 
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Figure 7.5 Percentage or original carbon distribution as a results of 20 % (v/v) doping of Etro 4 
cSt with a pure hydrocarbon, with error estimation. 
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Figure 7.6 Percentage of original carbon distribution as a results of 20 % (v/v) doping of Visom 
4 cSt wi th a pure hydrocarbon, wi th error estimation. 
Now with error bars these data show that, on the whole, '^C-NMR is not sensitive 
enough to determine any minimal differences in base oil composition by pure 
hydrocarbon doping at the level of 20 % (v/v). However, it also becomes easier to see 
the definite changes (> ±15 %). These are; squalane increases the percentage of pendant 
methyls and the percentage of primary carbons, whereas, hexadecane increases the 
percentage of CH2>4 and decreases the percentage of tertiary carbons. 
The findings will be considered in subsequent sections whilst looking at the results from 
the oxidation and post-oxidation bench tests. 
7.2.2 Pre-oxidation bulk property characterisation tests 
The results from the pre-oxidation bulk property characterisation tests, KVlOO, Noack 
and Aniline point are tabulated in Table 7.5. Some differences are observed in these 
values upon doping. The percentage difference in these values between those 
determined for the original basestocks and those determined after doping 20 % v/v with 
a pure hydrocarbon are shown for Etro and Visom in Figure 7.7 and Figure 7.8 
respectively. 
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Table 7.5 Results of the pre-oxidation characterisation tests for the doped base oils. 
Basestock KVlOO (mmVs) Noack (% m/m) Aniline pt. ("C) 
Etro + HD 3.172 l&O 112.6 
Etro -h Sq 4.208 15.1 117.8 
Etro + DHN 2.964 34.8 105.4 
Visom + HD 3.102 31.1 115.3 
Vsiom + Sq 4.008 14.4 119.2 
Visom + DHN 2.906 313 10&4 
Etro 4.24 15.2 116.4 
Visom 4.06 n4 119.0 
I 
I 
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Figure 7.7 Percentage of original values of the pre-oxidation characterisation test for Etro and 
those taken after doping 20 % (v/v) with a pure hydrocarbon. 
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Figure 7.8 Percentage of the original values of the pre-oxidation characterisation test for Visom 
and those taken after doping 20 % (v/v) wi th a pure hydrocarbon. 
It can be seen from Figure 7.7 and Figure 7.8 that the addition of squalane into the 
basestocks has minimal effect on their bulk property characteristics. Therefore, it can be 
assumed that the bulk properties of the original basestocks are similar to those of 
squalane. Squalane is a C30 saturated branched paraffin and therefore this observation 
is intuitive. Decahydronaphthalene is the most volatile of all the dopants and it is 
therefore expected to significantly increase the NOACK values, which is observed. The 
aniline point is mostly unaffected by the addition of any dopant. This suggests that the 
pure hydrocarbons used do not affect the solvency properties of the original basestocks. 
The viscosity, via addition of decahydronaphthalene and hexadecane has decreased as 
expected by the addition of these volatile hydrocarbons. 
The results of these analyses will be used in subsequent sections to coirelate trends and 
draw assumptions about the basestocks oxidative performance upon doping. 
7.2.3 PDSC 
The results of the PDSC test are presented in Table 7.6. Conditions for this bench test 
were not optimised and experimentation at 210 °C gave induction times outside the 
measurement threshold (<2 minutes) for this analysis. At 180 °C only three base oils 
had induction times greater than 2 minutes, Etro 4cSt + Squalane, Visom 4cSt + 
Hexadecane and Etro 4cSt. 
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Table 7 .6 Resul ts o f P D S C fo r doped base o i ls . 
PDSC 180 "C PDSC 210 "C 
Basestock 
Onset Time 
(mins) 
Induction 
Time (mins) 
Onset Time 
(mins) 
Induction 
Time (mins) 
Etro + HD <2 <2 <2 <2 
Etro + Sq 3.4 2.6 <2 <2 
Etro + DHN <2 <2 <2 <2 
Visom + HD 4.0 3.3 <2 <2 
Vsiom + Sq <2 <2 <2 <2 
Visom + DHN <2 <2 <2 <2 
Etro 3.2 2.6 <2 <2 
Visom <2 <2 <2 <2 
With so many results outside the lower limit of determination it is difficult to identify 
any overall trends. 
7.2.4 TOST 
Results from the post-oxidation characterisation test after oxidation by TOST are shown 
in Table 7.7. It can be seen that all IR spectra for the oxidised oils are the same and no 
differences are observed, see Appendix Figure 1-8. No further conclusions can be drawn 
from this test. 
The largest viscosity increase upon oxidation was found for Etro 4cSt + DHN, which 
also has the largest NOACK value. However, no correlation is seen between these two 
tests. It is intuitive that a high NOACK value will lead to a high viscosity increase. 
Volatiles are lost during oxidation and so the low density matter decreases and the 
viscosity increases. Paraffinic compounds are known to have the best viscosity 
temperature characteristics having the least variation over all operational 
temperatures.'^^ This is observed here with the addition of hexadecane causing the 
smallest viscosity increase. 
Visom produces more acids than Etro. The least acid production is seen when a 
branched paraffin (squalane) is added. There is no obvious reason as to why a branched 
chain alkane should produce no more acids than a naphthene or a straight chain alkane, 
and this has not been observed in mono-component hydrocarbon autoxidations. 
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Table 7.7 Results f rom the post-oxidation characterisation test after oxidation by TOST for 
doped base oils. 
Viscosity TAN 
Basestock IR Spectra Shown in KVlOO Increase (mgKOH 
(mmVs) (mmVs) /g) 
Etro + HD Appendix Figure A1 7.16 3.988 66.83 
Etro + Sq Appendix Figure A2 9.668 5460 51.53 
Etro + DHN Appendix Figure A3 10.40 7.436 6&93 
Visom + HD Appendix Figure A4 &858 1756 7&65 
Vsiom + Sq Appendix Figure A5 10.62 6.612 69.51 
Visom + DHN Appendix Figure A6 8.224 5J23 7a09 
Etro Appendix Figure A? 9 m 5 4jW5 48.58 
Visom Appendix Figure AS 11.12 7.060 78.88 
7.2.5 CMOT 
The CMOT data shows minimal difference between each sample. The addition of pure 
hydrocarbon seems to reduce the formation of solid deposits. Solid deposit formation 
has been found to be dependent on aromatic content."^ No data is given for the aromatic 
content of these base oil samples. However, the aniline point is a good indication. The 
highest aniline points are found for Visom and Visom + Squalane. Both of which have 
higher % deposits than Visom + hexadecane and Visom + decahydronaphthalene. No 
correlation is found between aniline point and % Deposits after 80 h. 
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Figure 7.9 Deposit formation over time for Pure and Doped Visom 4 base oils. 
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Figure 7.10 Deposit formation over time for Pure and Doped Etro 4 base oils. 
7.3 Conclusion 
Changes in composition of doped basestocks with 20 % v/v of a pure hydrocarbon are 
minimal. Changes in bulk properties, with the exception of the NOACK value, are also 
minimal. It is therefore reasonable that the oxidation characteristics upon doping remain 
largely unchanged. It is considered that the tests used here were not sensitive enough to 
measure the differences in doping at this level. Most of the bench tests are also 
unsuitable for basestocks without additive packages (e.g. PDSC). 
One conclusion that has been previously reported,^' and confirmed from these data is 
that the addition of straight chain alkanes improves the temperature viscosity 
characteristics of a base oil. 
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This work is an investigation into the oxidative stabihty of lubricant base oils using 
model systems such as; mono and binary mixtures of pure hydrocarbons oxidised under 
simulated automotive engine sump conditions and as pure hydrocarbon doped 
basestocks analysed by industrial stability bench tests. Mono and binary mixtures of 
pure hydrocarbons have been degraded under standardised reactions conditions 
developed in this project using apparatus designed and made in this project. The 
oxidation reactions have been proven to be reproducible and fit for the intended analysis 
(Chapter 2). 
For ease of comparison a set of oxidative stability parameters have been measured for 
each oxidation reaction. These are the; percentage conversion to LOPs at a specific 
time point (%LOP_t), the rate constant of autocatalysis (kac), the rate constant of 
autoretardation (kar), the tangential induction time (IT) and the reaction profile type. 
Reaction profile types have been designated 1, 2 or 3. Type 1 profiles indicate that the 
percentage conversion to LOPs linearly increases throughout the extent of the reaction; 
type 2 profiles indicate a distinct decrease in the rate of conversion to LOPs at a specific 
time point (autoretardation); and type 3 profiles indicate that the rate of conversion to 
LOPs reaches zero at a specific time point. Here, the rate of production and 
decomposition of LOPs become equal and the system reaches an equilibrium limit. 
These oxidative stability parameters have been analysed against the molecular and bulk 
properties of each hydrocarbon system under investigation. The molecular properties 
are a measure of the carbon type distribution for each system expressed as a percentage 
of total carbon. These are; percentage of quaternary centres (%C), percentage of 
tertiary centres (%CH), percentage of secondary centres (%CH2), percentage of primary 
centres (%CH3), percentage of aromatic centres (%Ar) and percentage of quaternary 
aromatic centres (%Arq). Along with the carbon distribution data the branching index 
(BI) and number of saturated rings for each system has also been calculated. The bulk 
properties used for stability analysis are, molecular weight (MW), boiling point (b.p.), 
melting point (m.p.), aniline point (a.p.), kinematic viscosity at 40 °C (KV40) and 
kinematic viscosity at 100 °C (KVlOO). The aniline point and kinematic viscosities 
have been measured within this project. 
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8.1 Mono and Bi-Component Hydrocarbon Autoxidations 
8.1.1 Mono-Component Hydrocarbon Autoxidations 
The analysis of mono-component hydrocarbons autoxidations has produced a large 
amount of numerical data. As an aid to analysis, statistical correlation coefficients were 
calculated between oxidative stability parameters and molecular and bulk property 
descriptors. Any significant correlations were then plotted graphically to assess the 
linearity of the trends. No significant trends could be found when these data were 
analysed taking all studied hydrocarbons together, and therefore the data set was further 
broken down into sub-categories of the hydrocarbon classes (paraffinics, naphthenic and 
aromatics) contained within the library of compounds;. The major findings from this 
analysis are: 
1 No one hydrocarbon class exhibits greater oxidative stability than the others. 
2 A reversal in the stability trends for paraffinic and naphthenic hydrocarbons was 
observed, which is considered to be the reason as to why the entire hydrocarbon 
library could not be successfully analysed together. For paraffinic hydrocarbons 
small molecules are seen to be the most stable whereas the reverse is seen for 
naphthenic hydrocarbons. 
3 The number of saturated rings was the parameter that gave the highest 
correlation coefficient (0.43) with an oxidative stability parameter (IT) when all 
hydrocarbons were considered together. This indicates that the larger the number 
of saturated rings in the molecular structure the longer the IT and therefore the 
more oxidatively stable the hydrocarbon. 
4 Molecular descriptors were observed to be less useful than bulk properties to 
predict oxidative stability. 
5 The addition of copper(II) acetate decreased the induction time for every 
hydrocarbon autoxidation reaction. It was also noted to increase the probability 
of the appearance of solid deposits in naphthenic systems. 
6 Each hydrocarbon has been observed to have a different response to the 
copper(II) acetate, either as an accelerant or a suppressant. This is considered to 
be a function of the interaction of the hydroperoxides with the metal ions in 
solution. 
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8.1.2 Bi-Component Hydrocarbon Autoxidations 
The analysis of bi-component autoxidation reactions has allowed a direct compaiison of 
hydrocarbon oil composition and oxidative stability. The major conclusions from this 
section are; 
1 There is a non-linear dependence between the molecular composition and the 
stability of an oil. This makes linear regression an inappropriate model for 
predicting lubricant stability based on the composition of the feedstock. 
2 Mono and bi-components hydrocarbon systems with the same molecular 
parameters have been observed to have the same degradation profiles. It was 
also found that the bi-component data fits well with mono-component data. By 
extrapolation of this trend it can be concluded that modelling base oil stability by 
using mono or binary hydrocarbon mixtures is valid. 
8.2 Oxidation Products Formed During Hydrocarbon Autoxidation 
As well as measuring the oxidation stability parameters for each hydrocarbon 
degradation, the oxidation products formed during decomposition were separated by gas 
chromatography, detected and quantified by flame ionisation desorption and identified 
by electron ionisation mass spectrometry. 
8.2.1 Oxidation pathways in the autoxidation of decane 
A thorough investigation into the mechanistic pathways of product formation during the 
autoxidation of decane was presented. The major conclusions from this section are; 
1 Hydroperoxides are not the exclusive precursors to alcohols and ketones. 
2 Cleavage products have been identified as aldehydes, methyl ketones, alkanes, y-
lactones and carboxylic acids, listed in their order of appearance. 
3 A new mechanism has been proposed for the formation of methyl ketones, a 
chain scission product that has shown dominance in paraffinic systems during 
this investigation but is largely unreported in previous studies, see Figure 8.1. 
4 Some evidence is given that the precursors to y-lactones and carboxylic acids are 
ketones and aldehydes respectively. 
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Figure 8.1 New route to methyl ketone production. 
8.2.2 Oxidation pathways in hydrocarbon autoxidation 
Using mechanistic pathways in the autoxidation of decane as a basis, the routes to 
product formation for all hydrocarbons contained within the library were analysed. The 
major conclusions drawn are listed below. 
1 The analysis of autoxidation product distributions for some of the hydrocarbons 
are entirely noyel, these are; pristane, i-butylcyclohexane, f-butylcyclohexane, 
bicyclohexyl, n-heptylcyclohexane, perhydrofluorene and 1,5-dimethyltetralin. 
2 All of the oxidation pathways seen for decane can be transferred to each 
hydrocarbon class. 
3 The autoxidations of naphthenic hydrocarbons has shown oxidation paths that 
are not seen in any other class. These are unsaturated ketones and ring opened products. 
4 Ring opening in naphthenic hydrocarbon degradations is obseryed to be 
unfayourable due to its appearance only at high %LOP conyersions. 
5 A benzene ring promotes attack alpha to the ring on the alkyl side chain. 
8.3 Industrial Testing of Doped Base Oils 
Two industrial base oils were doped with 20 % (v/v) of a pure hydrocarbdn from each 
of the following classes; n-Paraffinic - Hexadecane, j-Paraffmic - Squalane and 
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Naphthenic - Decalin. The stabihty variations imposed by changing the hydrocaibon 
composition were then measured using a range of industiial bench tests that aie in use 
today to assess a base oil's performance. These bench tests are '^C-NMR, IR, KVlOO, 
NOACK, TOST, TAN, PDSC and CMOT. Changes in the composition and bulk 
properties, with the exception of the NOACK value, of the doped basestocks were 
minimal. It is therefore reasonable that the oxidation characteristics upon doping 
remain largely unchanged. It is considered that these tests, were not sensitive enough to 
measure the differences in stability by doping at this level. Most of the bench tests are 
also unsuitable for basestocks without additive packages (e.g. PDSC). One conclusion 
has been positively drawn from these data; the addition of straight chain alkanes 
improves the temperature viscosity characteristics of a base oil. 
8.4 Future Work 
8.4.1 The action of copper on hydroperoxide decomposition. 
It has been observed that hydrocarbons have different responses to the copper(II) acetate 
added to the systems to better simulate engine sump conditions and to catalyse the 
initiation of autoxidation. The copper(II) acetate has either accelerated or suppressed 
autoxidation depending on the hydrocarbon under investigation. This response appears 
to be dependent on or a function of the hydroperoxide accumulation in the system. 
It has also been noted by other groups that at different concentrations copper(II) ions in 
solution can act as either an accelerant (low concentrations) or a suppressant (high 
concentrations). ^  It was proposed that the abrupt change from an accelerant to a 
suppressant was due to the concentration of unbound (from hydroperoxides) ions in 
solution. The uncomplexed copper (II) ions are free to decompose peroxy radicals into 
inactivate compounds. Therefore, it was stated that as long at the concentration of 
copper(II) ions in solution was below that of the hydroperoxides the concentration of 
the unbound ion would remain low and the copper would continue to act as a catalyst to 
autoxidation. 
In this project, it has been observed that the copper(II) ions have acted as a suppressant 
at concentrations well below that of the hydroperoxides. The previous hypothesis 
cannot therefore be true. An interesting route for further investigation is therefore the 
action of copper(II) ions on hydroperoxide decomposition. 
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8.4.2 Description of Molecular Properties 
One of the findings from the analysis of the mono-component hydrocarbon 
autoxidations is that molecular descriptors are not as good as bulk property descriptors 
at predicting oil stability. As bulk properties are dependent on structure, it must follow 
that the molecular parameters used in this project are insufficient to describe the 
molecules as a whole. An example is given in Figure 3.42 for the two isomers of 
decalin, which have the same molecular parameters but were found to have varying 
stabilities. It has also been noted that a f-butyl group lowered the reactivity of a 
molecule compared to an n//-butyl group. It is therefore proposed that the steric shape 
and bulk of a /-butyl group is hindering attack at other points on the molecule. This 
again cannot be taken into account by the molecular parameters used in this project. 
Therefore, it would be useful to define a better set of molecular parameters to 
encompass the steric shape of a molecule. 
8.4.3 The Fate of the Alkvl Radical 
The analysis into the oxidation mechanism of decane has led to the discovery that the 
fate of alkyl radicals resulting from alkoxyl beta scission has been largely un-
investigated. Aldehydes are always a predominant chain scission product in any 
hydrocarbon degradation and they are considered to mainly form via this route. It is 
known that alkyl radicals have at least three decomposition routes; hydrogen 
abstraction, oxygen addition and recombination with other radicals. However, none of 
the products observed from any of these decomposition route ever match the 
concentration of aldehydes formed in autoxidation reactions. This begs the question, 
what is happening to the alkyl radicals formed in this process. 
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TABLE Al, Correlation coefficients between the molecular and bulk properties of each hydrocarbon and the %L0P_6.* 
Hydrocarbon Group 
%C (%) %CH (%) %CH2 (%) 
%CH3 
(%) 
%Ar 
(%) 
%qAr 
(%) 
No. of 
Rings BI 
MW 
(g/ 
mol) 
Density (g 
cm 3) 
b.p. 
c c ) 
m.p. 
CC) 
a.p. 
r c ) 
KV40 
(cSt) 
KvlOO 
(cSt) 
All -0.357 0.109 -0.179 -0.152 0.282 0.356 -0.121 -0.109 0.299 0.244 0.379 -0.124 0.145 0.202 0.236 
No Cat. -0.462 -0.046 0.057 -0.262 0.182 0.270 -0.140 -0.320 0.148 0226 0.227 41283 0.053 0228 0.173 
Cat. -0.267 0.226 -0.384 -0.039 0.371 0.434 -0.132 0.041 0.447 0.244 0.521 0.004 0.255 0.195 0.291 
Paraffinic All -0.443 0.601 0.048 -0.295 -0.092 0.854 0.631 0.910 0.001 &841 0.823 0.776 
Paraffinic No Cat. -0.605 0.451 0.337 -0.535 -0.371 0.794 0.506 0.881 0.229 0.786 0.774 0.751 
Paraffinic Cat. -0.324 0.699 -0.153 -0.114 0.102 0.916 0.733 0.955 -0.143 0.903 0.874 0.811 
Naphthenic All -0.273 0.086 0.296 -0.312 0.058 -0.167 -0.481 0.172 -0.371 -0.322 41396 -0.353 41339 
Naphthenic No Cat. -0.430 -0.307 0.618 -0.315 -0.303 -0.650 -0.638 0.035 -0.490 -0.615 -0.195 41562 -0.490 
Naphthenic Cat. -0.124 0.480 0.032 -0.311 0.458 0.254 -0.485 0362 41329 -0.031 -0.599 -0.462 -0.330 
Aromatic All 0.679 -0.350 0.507 -0.412 0/88 0.341 0.682 0.064 0JW2 0.076 0.191 0.271 0.265 
Aromatic No Cat. 0.765 -0.271 0.394 -0.469 0.346 0.402 0.759 0.199 0J}27 0235 0.370 0.383 0.379 
Aromatic Cat. 0^26 -0.513 0.759 -0.387 0.639 a272 0.651 -0.092 0.298 -0.152 -0.126 0.155 0.154 
* Cells have been conditionally formatted in red, yellow and green to highlight significant trends. Correlation coefficients could not be calculated for 
cells filled in blue as the molecular or bulk property values in this hydrocarbon group all equalled zero. 
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Hydrocarbon Group %C (%) %CH (%) %CH2 (%) %CH3 (%) 
%Ar 
(%) 
%qAr 
(%) 
No. of 
Rings BI 
MW (g/ 
mol) 
Density 
(g 
cm 3) 
b.p. 
r c ) 
m.p. 
r c ) 
a.p. 
r c ) 
KV40 
(cSt) 
KvlOO 
(cSt) 
All -0.014 0.322 0.165 -0.211 -0.164 -0.185 0.434 0.152 -0.095 0.065 -0.065 0.286 -0.314 -0.043 0.049 
No Catalyst -0.083 0.260 0.374 -0.296 -0.269 -0.316 0.477 -0.011 -0.135 -0.084 -0.108 0.445 -0.360 -0.056 0.053 
Catalyst 0.087 0.431 0.101 -0.152 -0.212 -0.211 0.503 0.314 41133 0.152 -0.119 0.181 41366 -0.060 0.017 
Paraffinic All -0.150 41287 0.307 -0.256 41283 -0.212 41282 -0.185 0.251 -0.241 -0.133 -0.102 
Paraffinic No Cat. -&395 -0.613 0.679 -0.541 -0.671 41572 41896 41528 0.374 -0.678 41333 -0.309 
Paraffinic Cat. -0.129 -0.617 0.508 -0.374 -0.449 4).621 -0.575 -0.578 0.406 -0.612 -0.579 -0.518 
Naphthenic All 0.067 0.492 -0.274 -0.057 0.497 0.471 0.237 0.084 0.280 0.437 -0.187 0.036 0.204 
Naphthenic No Cat. 0.174 0.405 -&328 -0.001 0.490 0.525 0.828 0.039 0.702 0.665 0.062 0.711 0.650 
Naphthenic Cat. 0.135 0.560 -0.346 -0.004 0.521 0.545 0.024 0.153 0.067 &292 -0.298 -0.026 0.084 
Aromatic All -0.512 0.275 -0.150 0.027 -0.238 -0.344 -0.497 0.166 -0.377 0.007 -0.110 &028 0.055 
Aromatic No Cat. -0.992 (1582 -0.278 0.017 -0.480 -0.645 41958 0.394 -0.767 0.054 -0.160 0.095 0.152 
Aromatic Cat. -0.775 0.803 41336 -0.416 -0.660 41552 -0.751 0.847 -0.817 0.551 0.395 0.591 0.650 
* Cells have been conditionally formatted in red, yellow and green to highlight significant trends. CoiTelation coefficients could not be calculated for 
cells filled in blue as the molecular or bulk property values in this hydrocarbon group all equalled zero. 
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Hydrocarbon Group %C (%) %CH (%) 
%CH2 
(%) 
%CH3 (%) %Ar (%) %qAr (%) No. of Rings BI 
MW (g/ 
mol) 
Density 
(g 
cm 3) 
bp. 
r c ) 
m.p. 
CC) 
a.p. 
r c ) 
KV40 
(cSt) 
KvlOO 
(cSt) 
All -0.330 0.277 -0.058 -0.282 0.149 0.261 0.174 -0.018 &248 0.370 0.369 0.036 -0.045 0J39 0.323 
No Catalyst -0.487 0.149 0J52 -0.311 -0.094 0.089 0.054 -0.281 0.201 0.179 0.253 -0.355 -0.017 0.283 0.231 
Catalyst 41233 0.340 -0.241 41262 0.306 0.373 0.242 0.115 0.282 &469 0.445 0.260 -0.047 0.223 0.381 
Paraffinic All -0.340 0.621 -0.055 -0.180 0.012 0.896 0.664 0.931 -0.020 0.862 0.899 0.863 
Paraffinic No Cat. -0.653 0.677 0.215 -0.450 -0.310 0.847 0.517 0.902 -0.165 0.843 0.822 0.745 
Paraffinic Cat. -0.179 0.589 -0.187 -0.035 0.167 0.926 0.717 0.951 0.012 0^170 0.966 0.952 
Naphthenic All -0.317 0.273 0J30 -0.354 0.279 -0.050 -0.073 0.243 0.040 0.016 -0.247 -0.119 -0.011 
Naphthenic No Cat. 41488 -0.268 0.671 -0.385 -0.231 -0.662 41383 -0.025 41283 -0.573 -0.129 -0.464 41393 
Naphthenic Cat. -0.212 0.564 0.017 -0.318 0.588 0J35 0.062 0.425 0.211 0.348 -0.255 -0.062 0.136 
Aromatic All 0.326 -0.017 0.300 -0.775 0.549 0.474 0.266 0.321 0.318 0.342 0.474 0.620 0.605 
Aromatic No Cat. 0.404 -0.009 0.343 -0.867 0.562 0.481 0.345 0.450 0.310 0.413 0.561 0.731 0.730 
Aromatic Cat. 0.363 -0.124 (1326 -0.771 0.768 0.651 0Ji75 &135 0.525 0248 0.876 0.544 0.503 
* Cells have been conditionally formatted in red, yellow and green to highlight significant trends. Correlation coefficients could not be calculated for 
cells filled in blue as the molecular or bulk property values in this hydrocarbon group all equalled zero. 
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TABLE A4. Concentration of oxidation products formed during the autoxidation of decane (mM). 
Oxidation Product 
Time (h) 
0.00 0.50 1.00 1.50 1.92 2.42 3.08 3.58 4.08 4.58 5.25 6.00 
Propanoic acid 0.00 3.10 -2.45 0.37 1.81 2.24 0.47 4.78 8.69 9.31 7.56 14.74 
2-Pentanone 0.00 0.00 0.00 0.00 0.37 0.42 0.56 0.98 0.00 6.96 13.96 25.86 
2-Pentanal 0.00 0.29 -0.20 0.29 0.93 1.87 3.46 6.25 10.42 14.46 14.86 17.02 
Butanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.21 5.59 26.11 44.23 73.00 
2-Hexanone 0.00 0.00 0.00 0.00 0.51 1.22 2.55 4.37 8.34 12.26 11.07 10.90 
2-Hexanal 0.00 0.00 0.00 0.00 0.92 1.98 3.31 5.63 8.70 12.54 13.14 15.00 
Octane 0.00 0.00 0.00 0.00 0.16 0.36 0.52 0.88 1.20 1.87 1.94 2.18 
gamma-Butyrolactone 0.00 0.00 0.00 0.00 0.00 0.00 1.04 2.07 2.99 4.68 4.86 5.38 
Pentanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.85 6.50 20.40 33.28 55.16 
2-Heptanone 0.00 0.00 0.00 0.00 0.49 1.56 3.80 7.49 13.35 21.80 25.83 32.79 
2-Heptanal 0.00 0.00 0.00 0.00 0.90 1.87 3.20 5.15 8.11 11.11 11.34 12.69 
Nonane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.44 0.51 0.58 
gamma-Varelolactone 0.00 0.00 0.00 0.00 0.00 0.00 0.58 0.68 2.18 6.06 9.33 14.77 
Hexanaoic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.63 21.57 22.71 
2-Octanone 1.22 1.75 0.00 0.02 0.07 1.08 2.69 5.23 10.77 15.20 18.25 38.88 
2-Octanal 0.00 0.00 0.00 0.48 1.28 2.14 3.45 4.78 7.65 9.10 9.44 9.42 
gamma-Caprolactone 0.00 0.00 0.00 0.00 0.00 0.00 0.66 1.16 0.70 3.46 6.37 11.05 
Heptanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 11.85 21.58 
2-Nonanone 0.00 0.00 0.00 0.00 0.47 0.83 1.13 1.57 2.21 3.87 5.71 6.73 
Nonanal 0.00 0.00 0.00 0.00 0.76 1.18 1.61 2.15 2.79 3.64 4.44 4.32 
gamma-Heptalactone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.51 3.44 6.25 10.38 
Octanoic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 1.42 2.34 2.16 
4-1-5-Decanone 0.00 0.00 0.00 1.29 3.07 6.49 13.35 19.44 28.59 45.05 58.34 83.60 
3-Decanone 0.00 0.00 0.00 0.78 2.08 4.31 8.79 13.24 19.38 29.77 38.31 54.38 
2-Decanone 0.00 0.00 0.00 0.89 2.42 5.26 11.04 16.13 23.87 36.59 46.63 65.78 
4+5-Decanol 0.00 0.00 0.00 1.28 3.17 5.53 9.14 13.74 20.73 33.06 40.83 53.00 
3-Decanol 0.00 0.00 0.00 0.72 1.67 3.12 5.50 8.28 13.04 23.46 28.62 35.72 
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TABLE A4. (Cont.) Concentration of oxidation products formed during the autoxidation of decane (mM). 
Oxidation Product Time (h) 0.00 0.50 1.00 1.50 1.92 2.42 3.08 3.58 4.08 4.58 5.25 6.00 
2-Decanol 0.00 0.00 0.00 1.32 3.52 6.32 8.74 12.72 21.59 2&52 3345 4259 
1-Decanol 0.00 0.00 0.00 0.00 (188 1.67 3.84 5.84 8.86 13.29 20.18 24.44 
4+5-Decyl hydroperoxide 0.00 0.00 0.00 2.86 6.52 19.28 31.73 38.10 39.47 5&22 81.45 49.19 
3-Decyl hydroperoxide 0.00 0.00 0.00 1.88 429 12.24 17.21 21.43 24 J6 33.55 46.74 26.93 
2-Decyl hydroperoxide 0.00 0.00 0.00 1.67 3J6 13.02 22.62 2&59 27.39 46.19 65.69 39^3 
1 -Decylhydroperoxide 0.00 0.00 0.00 0.00 0.08 2.06 2.39 1.50 6.05 12.11 14.52 4J9 
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TABLE A5. Concentration of oxidation products formed during the autoxidation of 2-decanol (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.17 1.75 3.08 3.58 4.42 5.08 5.50 6.00 
Butyric Acid 0.00 0.00 0.00 0.00 1.84 5.12 7Ja 9J3 11.38 1120 
2-Hexanone 0.00 0.00 0J8 1.96 3.61 4.12 3J9 3jU 4.21 4.60 
Hexanal 0.00 0.00 0.00 1.03 2JW 2J3 2J5 2.45 3.05 2^4 
Octane 0.00 0.00 0.00 0.68 0.69 0.59 0.64 0.44 0.74 0^2 
y-Butyrolactone 0.00 0.00 0.00 0.00 1.10 1.92 2.06 2J2 3.06 3.10 
Petanoic Acid 0.00 0.00 0.00 0.00 0.73 2.24 3^6 4.79 6j^ 837 
2-Heptanone 0.00 0.00 0.00 L58 2.08 1.50 L89 1.93 4 j a 5J8 
Heptanal 0.00 0.00 0.63 2^6 3.98 4.02 4.00 3^7 4.10 4J3 
Y-Valerolactone 0.00 0.00 0.00 2.67 7.69 9.67 11.10 13.12 14^8 1&29 
Hexanoic Acid 0.00 0.00 0.00 0.00 1.91 2.02 3jU 5.20 7.90 10.70 
2-Octanone 0.00 0.00 3jW 11.21 18.97 19.54 24.44 26.44 34.11 36.06 
Octanal 0.00 0.00 3J4 10.86 18.26 19J8 19J^ 19.11 21.48 21.19 
y-Hexalactone 0.00 0.00 0.00 0.00 1.44 2J# 3J5 5.11 7J4 9.04 
Heptanoic Acid 0.00 0.00 0.00 0.00 3^4 5.67 9.17 11.30 12^2 15.04 
y-Heptalactone 0.00 0.00 0.00 0.00 3^8 4.91 7.97 9JW 9jW 10.07 
Octanoic Acid 0.00 0.00 0.00 1.15 3.61 2^6 L86 1.78 2.70 3jW 
Y-Octalactone 0.00 0.00 0.00 0.00 1.76 2.50 3.54 4.65 632 
Nonanoic acid 0.00 0.00 0.00 1.51 3.84 4 j # 13.35 17.93 2&38 27^8 
2-Decanone 14.18 13.74 234.28 723.95 1407.50 1539.12 1643.67 1776.82 1835.50 1923.37 
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TABLE A6. Concentration of oxidation products formed during the autoxidation of 2-decanone (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.17 1.75 3.08 3.58 4.42 5.08 5.50 6.00 
Butanoic Acid 0.00 0.00 3.11 11.55 25.14 32.07 38.52 47.09 6&85 58.08 
2-Hexanone 0.00 0.00 6J2 9.96 5.11 4.90 5.01 4.04 
Hexanal 0.00 0.00 5^7 5.67 5.09 5.17 5.19 4.79 4 j # 4.00 
Octane 0.00 0.21 1.54 1.24 1.01 1.03 0.94 0^2 0 j# 0.65 
y-Butyrolactone 0.00 0.00 4J# 5J4 5.77 6.51 6J6 5.97 6.62 5.46 
Pentanoic Acid (+ 2-Heptanone) 0.00 0.00 0.00 6^5 11.71 14.34 17.72 32.46 42.38 38.70 
2-Heptanone 0.00 0.00 0.48 3.08 5.13 6.21 7J2 0.00 0.00 0.00 
Heptanal 0.00 0.00 5.20 10.85 12.51 12.60 14.77 16.67 19.77 16.60 
Nonane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.74 0 j # 0.66 
y-Valerolactone 0.00 0.00 1.06 3J9 6J8 8.52 11.87 13.25 19.66 19.74 
Hexanoic Acid 0.00 0.00 0.79 10.83 6.12 0.00 0.00 0.00 0.00 0.00 
2-Octanone (+ Hexanic Acid) 0.00 0.00 25.34 50.34 66.91 72.72 82.95 116.63 144.83 131.37 
Octanal 2.50 3JW 29.70 2190 20.08 19.03 16.84 14.29 14.50 11.55 
y-Hexalactone 0.00 0.00 5.13 15.77 19.57 2339 2&82 30.76 38.85 35.53 
Heptanoic Acid 0.00 0.00 1.83 7.01 21.34 23.17 24.49 30.92 2168 36.76 
y-Heptalactone 0.00 0.00 1.12 3J9 5^7 6.62 7.43 8^6 10.54 10.72 
Octanoic Acid 0.00 0.00 5^9 10.69 14.90 14.82 16.17 18.14 23.16 23.44 
y-Octalactone 0.00 0.00 0.00 3.24 3.56 4.51 5.40 6JW 7.61 7.50 
Nonanoic acid 0.00 0.00 0.00 0.00 3jW 6.70 11.39 11.18 13.32 11.96 
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TABLE A7. Concentration of oxidation products formed during the autoxidation of 4-decanone (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.17 1.75 3.08 3.58 4.42 5.08 5.50 6.00 
Butanoic Acid 0.00 0.00 34^9 37.57 0.00 293.03 227.78 324.78 472.53 440.02 
2-Hexanone 4j^ 9.71 163.81 188.53 194.45 177.10 192.42 188.74 197.57 203.05 
Hexanal 0.00 0.00 0.00 6548 196.44 185.00 205.87 200.95 212.83 219.94 
y-Butyrolactone 0.00 0.00 1.77 2.08 1.73 3^^ 3jU 432 6.11 337 
Pentanoic acid 0.00 0.00 3^6 4.62 4.24 4.15 3.24 2.54 242 1.81 
2-Heptanone 0.00 0.00 4.18 9^7 15.53 40.08 23.17 4841 58.95 61.05 
Heptanal 0.00 0.00 7.45 12.10 16.93 2198 2430 2&90 31.99 32.48 
y-Valerolactone 0.00 0.00 6.11 944 17.09 23.26 24.22 2&88 31.05 32.17 
Hexanoic acid 0.00 0.00 0.00 30.37 88.90 167.28 151.04 172.10 212.82 199.77 
2-Octanone 0.00 2^6 52.94 64.03 71.73 74.95 77.91 81.51 88.06 
Octanal 0.00 0.00 0.00 0.00 0.98 1.22 1.26 l j # 2J& 2J0 
Heptanoic acid 0.00 0.00 0.00 0.00 48.91 8946 221.15 171.64 189.71 259.27 
2-Nonanone 29.23 31.30 34.92 37.80 39.42 35.41 38.56 37.50 37.78 40.76 
Nonanal 0.00 0.00 20.39 28.40 37.40 34J3 43.70 46.63 50.17 55 69 
y-Heptalactone 0.00 0.00 523 835 13.51 18.46 2349 25.97 31.89 31.74 
Octanoic acid 0.00 0.00 0.00 1.71 3.07 7.62 742 8.91 10.63 10.61 
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TABLE A8. Concentration of oxidation products formed during the autoxidation of n-hexadecane (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.17 1.75 3.08 3.58 4.42 5.08 5.50 6.00 
Butyric acid 0.00 0.00 0.00 0.00 8.55 23.02 29.83 44.20 5238 5&75 
2-Hexanone 0.00 0.00 0.00 0.00 5.96 4.03 2.62 3.98 4.00 4.18 
Hexanal 0.00 0.00 0.00 0.00 3J2 3J6 3.31 4.63 4 j # 4.77 
Valeric acid 0.00 0.00 0.00 0.00 6.49 21.48 33.50 46.40 54.49 6L94 
2-Heptanone 0.00 0.00 0.00 0.90 7.98 8.67 9.10 10.97 11.24 12.56 
Heptanal 0.00 0.00 0.00 0.00 3jW 330 3^2 4.11 442 436 
Nonane 0.00 0.00 0.00 0.00 0.00 0.96 1.18 1.79 1.99 2J2 
Y-Valerolactone 0.00 0.00 0.00 0.00 1.46 5.03 8^4 12.71 15.21 ^ 17.21 
Hexanoic acid 0.00 0.00 0.00 0.46 522 16.05 33.68 49^8 5&13 65J2 
2-Octanone 0.00 L58 1.95 12.65 15.39 17.45 18jW 19.29 2073 
Octanal 0.00 0.00 0.00 0.55 2.25 2.71 3U2 3.64 173 3.58 
Decane 0.00 0.00 0.00 0.00 0.60 0.85 L29 1.64 1.80 L85 
y-Caprolactone 0.00 0.00 0.00 0.00 2J2 5.17 10.25 13.77 16.34 18.97 
Heptanoic acid 0.00 0.00 0.00 0.00 1438 25.29 42.22 49.59 56.59 
2-Nonanone 0.00 0.00 0.00 1.51 13.51 19.02 22.10 23.86 25.51 2735 
Nonanal 0.00 0.00 0.00 0.66 2.57 3.99 3J8 3.43 4.23 4J8 
Undecane 0.00 0.00 0.00 0.00 0.91 2^ W 2^3 2^9 232 222 
y-Heptalactone 0.00 0.00 0.00 0.00 ^ 1.37 4^2 7.62 10.76 12.58 14.66 
Octanoic acid 0.00 0.00 0.00 0.00 2^2 10.53 20.69 3L59 3731 43^8 
2-Decanone 0.00 0.00 0.36 1.72 14.37 19.08 23.85 26.74 28.69 3&19 
Decanal 0.00 0.00 0.00 0.63 2.51 3.58 4 j j 4.04 4.08 4.21 
Dodecane 0.00 0.00 0.00 0.00 2.27 3.06 3.40 3.55 3j# 
y-Octalactone 0.00 0.00 0.00 0.00 1.17 3.64 6ja 8.85 10.31 12.04 
Nonanoic acid 0.00 0.00 0.00 0.00 1.74 &53 18.04 30.63 3&27 43.99 
2-Undecanone 0.00 0.00 0.39 1.79 15.22 2034 24.43 27.60 2936 3&49 
Undecanal 0.00 0.00 0.00 0.57 2J2 3.75 4.30 4.34 4.64 4jG 
246 
Appendix 
TABLE A8. (Cont.) Concentration of oxidation products formed during the autoxidation of n-hexadecane (mM). 
Oxidation Product Time (h) 0.00 0.50 1.17 1.75 3.08 3.58 4.42 5.08 5.50 6.00 
Tridecane 0.00 0.00 0.00 0.00 1.11 2^4 2 j^ 3.28 3^4 3J6 
y-Nonalactone 0.00 0.00 0.00 0.00 1.08 3J3 5.90 7.91 9.41 10.58 
Decanoic acid 0.00 0.00 0.00 0.00 0J8 5.31 12.92 25.95 30.25 3&19 
2-Dodecanone 0.00 0.00 0J9 1.79 14.39 18.98 2250 25.77 2&56 2%65 
Dodecanal 0.00 0.00 0.00 0.53 2J5 3.54 3.95 4.14 4 j 3 448 
Tetradecane 0.00 0.00 0.00 0.00 244 3.50 3J9 3.99 4.00 4.09 
y-Decalactone 0.00 0.00 0.00 0.00 1.33 3J3 8.03 9.10 10.17 
Undecanoic acid 0.00 0.00 0.00 0.00 0.00 2.07 7.92 19.05 2Z64 2&47 
2-Tridecanone 0.00 0.00 0.30 L43 11.99 15^3 18.98 21.69 2230 2279 
Tridecanal 0.00 0.00 0.00 033 1.58 2^5 2.69 2.70 3.04 3.21 
Pentadecane 2^.73 29.19 30.22 27.88 24J5 2Z40 2038 19.72 18.17 16.62 
y-Undecalactone 0.00 0.00 0.00 0.00 1.27 346 5.71 7J2 8J0 9.74 
Dodecanoic acid 0.00 0.00 0.00 0.00 0.00 038 2jW 11.69 12j^ 18.40 
2-Tetradecanone 0.00 0.00 1.04 2.22 10.25 14.04 16.92 18.01 18.34 20.50 
Tridecanoic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.56 433 5.34 923 
y-Tridecalactone 0.00 0.00 0.00 0.00 1.43 3.50 538 7.86 &89 11.20 
Tetradecanoic acid 0.00 0.00 0.00 0.00 2.68 5.59 7.79 9.72 10.48 11.85 
Hydroperoxides 0.00 0.00 9.06 34 j 2 101.72 87.12 79.91 4542 45.01 3340 
Alcohols + Ketones 0.00 0.00 &82 17.27 107.61 185.79 244.44 294.13 303.56 314.08 
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TABLE A9. Concentration of oxidation products formed during the autoxidation of squalane (mM). 
Oxidation Product Time (h) 0.00 0.42 1.08 1.75 2.33 3.25 4.25 4.92 6.00 
4-Methylpentanoic acid 0.00 0.00 0.00 0.00 0.00 0.00 2.26 3.40 5.52 
6-Methyl-2-heptanone 0.00 0.00 0.00 2.45 8.70 12.24 14.87 15.30 15.34 
4-Methylpentan-y-lactone 0.00 0.00 0.00 0.00 2.74 13.45 29.93 37.43 45.99 
2,6-Dimethylnonane 0.00 0.00 0.00 0.00 0.00 0.00 1.12 1.39 1.51 
2,6, lO-Trimethylundecane 0.00 0.00 0.00 1.50 3.16 4.72 5.37 5.58 5.53 
6, lO-Dimethyl-2-undecanone 0.00 0.00 0.00 3.19 8.23 15.16 20.84 24.06 27.90 
4,8-Dimethylnonan-y-lactone 0.00 0.00 0.00 0.34 1.36 5.72 10.14 12.83 16.67 
2,6,10-Trimethylpentadecane 0.00 0.00 0.00 2.26 5.39 8.64 10.25 10.95 12.27 
2,6,10-Trimethylhexadecane 0.00 0.00 0.00 0.91 2.12 3.87 4.66 5.02 6.73 
4,8,12-Trimethyltridecan-y-lactone 0.00 0.00 0.00 0.00 1.02 3.13 4.85 5.84 10.03 
7,11,15-Trimethyl-2-hexadecanone 0.00 0.00 0.00 6.49 13.50 23.65 30.32 34.18 46.90 
2,6,10,15-Tetramethyloctadecane 0.00 0.00 0.00 2.62 4.94 7.38 7.59 7.45 10.68 
2,6,10,15-Tetramethyleicosane 0.00 0.00 0.00 1.19 2.38 ^ 4.10 4.50 4.84 7.69 
6,11,15,19-Tetramethyl-2-eicosanone 0.00 0.00 0.00 5.94 11.54 19.77 24.20 27.05 34.31 
2,6,10,15,19-Pentamethyldocosane 0.00 0.00 0.00 2.69 4.71 5.89 6.05 6.18 8.19 
4,9,13,17-Tetramethyloctadecan-y-lactone 0.00 0.00 0.00 0.72 2.26 6.31 8.44 10.39 14.60 
4,8,13,17,21-Pentamethyldocosan-y-lactone 0.00 0.00 0.00 1.32 1.22 5.32 5.55 5.49 5.56 
C30 Alcohols + Ketones 0.00 0.00 0.00 33.08 72.33 118.45 131.08 139.47 152.74 
C30 Hydroperoxides 0.00 0.00 0.00 37.09 85.93 98.25 43.75 23.45 0.00 
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TABLE AlO. Concentration of oxidation products formed during the autoxidation of pristane (mM). 
Oxidation Product Time (h) 0 0.5 1.17 1.58 2.42 3.42 4.25 5.17 6.00 
6-Methylheptan-2-one 0.00 0.00 4.18 14.30 24.71 38.68 41.17 52.65 54.63 
4-Methylpentan-y-valerolactone 0.00 0.00 1.34 6.99 13.64 26.52 29.38 41.20 41.16 
6, lO-Dimethylundecani-2-one 3.32 2.17 5.81 14.53 21.68 33.46 35.40 46.51 47.72 
4,7-Dimethyl-Y-octalactone 0.00 0.00 0.65 2.77 5.56 10.23 11.06 15.61 15.81 
TABLE A l l . Concentration of oxidation products formed during the autoxidation of 72-butyIcyclohexanol (mM). 
Oxidation Product Time (h) 0.00 0.42 1.00 1.75 2.50 2,92 3.50 4.50 5.00 5.92 
Butyric acid 0.00 0.00 0.00 0.00 1.11 1.80 3.44 15.50 ^ 22.19 28.51 
C5 Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.63 17.95 22.45 
Cyclohexanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.23 
Cyclohexanone 0.00 0.00 0.00 0.00 2.86 5.79 19.73 47.45 54.99 57.41 
5-Decanone 0.00 0.00 0.00 0.00 0.00 0.00 2.58 8.58 9.87 9.64 
1-Butylcyclohexanol 0.00 0.00 0.00 0.34 3.10 8.89 34.87 77.93 87.07 88.64 
1 -Cyclohexylbutanone 0.00 0.00 0.00 0.00 0.00 3.02 30.33 38.10 44.38 47.38 
2-Butylcyclohexanone 0.00 0.00 0.00 0.00 1.78 10.85 22.37 59.12 63.95 63.40 
2-Butylcyclohexanol 0.00 0.00 0.00 0.00 0.00 2.30 13.38 23.08 23.15 21.41 
4-Cyclohexylbutan-2-ol 0.00 0.00 0.00 0.00 0.00 0.00 6.28 12.68 12.50 10.79 
3-Butylcyclohexanone 0.00 0.00 0.00 1.75 7.34 15.24 54.71 108.18 113.80 107.05 
4-Butylcyclohexanone 0.00 0.00 0.00 0.00 8.03 15.66 12.78 25.12 28.23 26.04 
1-Butylcyclohexyl hydroperoxide 0.00 0.00 0.00 3.45 20.82 39.39 72.24 42.33 35.11 28.22 
2-Butylcyclohexyl hydroperoxide 0.00 0.00 0.00 2.09 13.05 ^ 20.89 28.04 12.10 11.20 9.30 
4-Cyclohexyl-2-butyl hydroperoxide 0.00 0.00 0.00 0.00 6.87 12.80 23.34 9.17 7.90 6.78 
CIO Alcohols (x3) 0.00 0.00 0.00 0.22 1.54 11.03 51.33 71.58 72.03 63.45 
CIO Ketone 0.00 0.00 0.00 0.00 0.00 0.00 1.07 6.88 9.93 13.27 
CIO hydroperoxides (x3) 0.00 0.00 0.00 2.58 30.45 56.13 128.24 76.71 67.50 46.27 
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TABLE A12. Concentration of oxidation products formed during the autoxidation of /-butylcyclohexanol (mM). 
Oxidation Product Time (h) 0.00 0.42 1.00 1.75 2.50 2.92 3.50 4.50 5.00 5.92 
C5 and C6 Carboxylic acids (x4) 0.00 0.00 0.00 2.85 15.06 23.27 29.80 43.39 52.77 63.50 
Cyclohexanone 0.00 0.00 0.00 0.00 1.67 1.80 2.27 2.70 3.16 3.25 
1-Cyclohexyl-2-methylpropan-2-ol 0.00 0.00 0.00 2.25 13.07 22.61 32.95 41.86 46.47 52.19 
1 -/-Butylcyclohexanol 0.00 0.00 0.00 2.14 7.91 10.91 13.70 15.72 16.57 17.70 
1 -Cyclohexyl-2-methylpropan-1 -one 0.00 0.00 0.00 2.24 13.03 18.76 24.36 31.33 33.38 37.88 
2-/-Butylcyclohexanone 0.00 0.00 0.00 0.00 8.22 10.98 12.79 14.19 15.22 16.82 
2-/-Butylcyclohexanol 0.00 0.00 0.00 0.00 7.37 9.42 10.61 11.16 10.87 10.43 
3 -/-Butylcyclohexanone 0.00 0.00 0.00 11.50 78.83 106.46 128.59 134.26 139.47 144.23 
3-/-Butylcyclohexanol 0.00 0.00 0.00 2.73 18.97 33.43 40.38 42.17 43.80 45.30 
4-/-Butylcyclohexanone 0.00 0.00 0.00 1.65 13.96 22.39 30.24 36.69 38.97 41.47 
1 -Cyclohexyl-2-methyl-2-propanyl hydroperoxide 0.00 0.00 1.96 9.59 31.83 28.74 17.80 11.01 5.52 1.61 
1 -/-Butylcyclohexyl hydroperoxide 0.00 0.00 0.00 2.02 5.60 4.46 2.92 1.70 0.98 0.11 
2-i-Butylcyclohexyl hydroperoxide 0.00 0.00 0.00 4.47 6.96 6.47 5.73 5.70 2.89 3.25 
3-/-Butylcyclohexyl hydroperoxide 0.00 0.00 6.44 49.47 71.63 73.99 50.57 46.26 8.47 6.83 
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TABLE A13. Concentration of oxidation products formed during the autoxidation of ^-butylcyclohexanol (mM). 
Oxidation Product Time (h) 
0.00 0.42 1.00 1.75 2.50 2.92 3.50 4.50 5.00 5.92 
Cyclohexanone 0.00 0.00 0.00 1.60 3.85 6.35 10.77 34.76 50.67 77.10 
2-/-Butylcyclohexanone 0.00 0.00 0.00 0.49 1.50 0.39 0.58 2.16 3.63 8.52 
1 -f-Butylcyclohexanol 0.00 0.00 0.00 0.00 1.14 1.97 4.06 14.87 24.37 52.86 
2-/-Butylcyclohexanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.16 1.87 3.62 
2-^-Butylcyclohexanol 0.00 0.00 0.00 0.34 0.69 1.27 0.71 2.46 4.13 8.80 
3-f-Butylcyclohexanol 0.00 0.00 0.00 0.00 0.33 0.66 3.39 11.59 17.31 27.64 
4-/-Butylcyclohexanol 0.00 0.00 0.00 0.00 3.50 6.43 1.83 7.05 10.71 18.30 
3-f-Butylcyclohexanone 0.00 0.00 0.44 1.98 0.39 1.67 12.07 40.24 66.55 138.26 
4-^-Butylcyclohexanol 0.00 0.00 0.00 0.34 0.56 1.12 3.10 9.51 14.77 25.84 
4-/-Butylcyclohexanone 0.00 0.00 0.00 0.71 0.53 0.76 1.54 5.50 9.68 23.25 
1 -r-Butylcyclohexyl hydroperoxide 0.00 0.00 0.00 3.15 6.30 9.36 12.89 12.23 10.26 3.36 
2-/-Butylcyclohexyl hydroperoxide 0.00 0.00 0.00 0.00 0.61 2.15 6.22 7.12 5.90 5.01 
3-f-Butylcyclohexyl hydroperoxide 0.00 0.00 ^ 0.00 0.83 8.14 18.53 22.81 31.56 31.47 15.86 
4-?-Butylcyclohexyl hydroperoxide 0.00 0.00 0.00 0.00 2.60 0.75 10.37 15.38 15.85 12.06 
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TABLE A14. Concentration of oxidation products formed during the autoxidation of «-heptylcyclohexane (mM). 
Oxidation Product Time (h) 
0.00 0.67 1.42 2.00 2.58 3.17 3.92 4.67 5.17 6.00 
Butyric acid 0.00 0.00 0.00 0.00 2.68 2.80 14.92 23.91 23.23 23.24 
Cyclohexanone 0.00 0.00 0.00 0.00 0.87 0.96 4.75 16.90 17.60 19.42 
Pentanoic acid 0.00 0.00 0.74 6.64 15.56 19.52 36.88 37.20 31.87 26.86 
Hexanoic acid 0.00 0.00 0.00 0.00 0.00 0.00 5.36 8.09 11.14 14.22 
Heptanoic acid 0.00 0.00 0.00 2.33 4.34 6.22 7.56 7.19 6.84 6.52 
Cylcohexyl carboxylic acid 0.00 0.00 0.00 0.00 1.17 2.11 2.98 3.08 2.80 1.60 
1 -Cyclohexyl-2-propanone 0.00 0.00 0.00 0.00 0.00 0.00 0.71 1.24 2.11 2.67 
Pentylcyclohexane 0.00 0.00 0.00 0.00 0.00 1.03 1.77 1.85 1.90 1.79 
Octanoic acid 0.00 0.00 0.00 0.00 0.00 1.08 1.47 1.72 1.52 1.62 
Cyclohexyl acetic acid 0.00 0.00 0.00 0.00 0.89 2.03 2.35 2.78 2.66 2.64 
Cylcohexyl butanoic acid 0.00 0.00 0.00 1.33 4.35 6.20 4.46 3.78 3.99 3.82 
2-Heptylcyclohexanone 0.00 0.00 0.00 0.71 3.76 7.51 9.83 10.41 11.72 12.01 
1-Heptylcyclohexanol 0.00 0.00 0.64 5.59 25.02 48.08 56.62 59.47 66.45 67.51 
3-Heptylcyclohexanone 0.00 0.00 1.56 5.37 18.62 32.92 38.98 39.63 44.52 44.42 
4-Heptylcyclohexanone 0.00 0.00 0.00 1.96 6.55 11.65 14.53 13.90 16.10 15.79 
1 -Heptylcyclohexanyl hydroperoxide 0.00 0.00 5.19 25.56 33.27 18.19 9.17 5.61 3.36 2.46 
C13 Alcohols (x7) 0.00 0.00 3.35 25.45 101.45 158.11 168.74 158.38 169.09 160.11 
C13 Ketones (x2) 0.00 0.00 0.74 5.62 22.47 41.00 51.62 55.20 63.03 65.45 
CIS Hydroperoxides (x7) 0.00 1.32 25.68 102.29 99.59 64.70 31.99 21.63 14.78 12.09 
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TABLE A15. Concentration of oxidation products formed during the autoxidation of bicyclohexyl (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.25 1.92 2.58 3.08 3.75 4.58 5.17 6.00 
Cyclohexanol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.09 20.31 67.52 
Cyclohexanone 0.00 0.00 0.00 0.00 0.00 0.00 0.34 20.16 88.75 204.00 
Cyclohexylcyclohexan-1 -ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.94 70.31 121.99 
Cyclohexylcyclohexan-2-one 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.78 7.61 13.43 
Cyclohexylcyclohexan-2-ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.91 17.40 31.07 
Cyclohexylcyclohexan-3-ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.09 34.81 44.47 
Cyclohexylcyclohexan-3 -ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.98 17.11 23.21 
Cyclohexylcyclohexan-4-ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.07 54.92 77.08 
CycIohexylcyclohexan-4-o] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.22 24.24 33.61 
Cyclohexylcyclohexan-3 -one 0.00 0.00 0.00 0.00 0.00 0.00 0.25 9.22 49.92 91.32 
Cyclohexylcyclohexan-4-one 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.70 17.16 32.32 
1-Bicyclohexyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.62 61.71 99.84 59.05 
2-Bicyclohexyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.09 18.44 8.52 
3-Bicyclohexyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 35.16 45.24 27.54 
4-Bicyclohexyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.89 50.60 30.35 
TABLE A16. Concentration of oxidation products formed during the autoxidation of decalin (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.00 1.50 2.08 2.50 2.92 4.00 5.00 5.92 
Cyclohexanecarboxylic Acid 0.00 0.00 0.00 0.77 2.24 4.24 5.95 6.76 6.80 6.61 
r-4-Decahydronaphthanol 0.00 0.00 2.62 35.82 256.82 421.27 587.36 655.22 684.46 657.87 
c-4-Decahydronaphthanol 0.00 0.00 1.53 16.94 108.37 177.77 243.99 272.68 286.04 271.93 
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TABLE A16. (Cont.) Concentration of oxidation products formed during the autoxidation of decalin (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.00 1.50 2.08 2.50 2.92 4.00 5.00 5.92 
t-1 -Decahydronaphthanol 0.00 0.00 1.81 19.33 109.16 159.76 196.01 206.22 199.56 174.12 
t-1 -Decahydronaphthanone 0.00 0.00 1.39 10.53 56.27 90.93 128.16 146.36 154.27 143.14 
r-2-Decahydronaphthanone 0.00 0.00 0.79 4.20 21.31 37.44 62.58 78.15 91.81 90.32 
c-1 -Decahydronaphthanone 0.00 0.00 0.62 2.92 10.05 12.91 12.51 12.99 12.76 12.18 
r-2-Decahydronaphthanol 0.00 0.00 0.00 4.03 18.96 26.21 29.52 29.83 28.73 25.49 
c-2-Decahydronaphthanol 0.00 0.00 0.00 4.02 15.52 21.70 23.08 21.90 19.17 15.59 
c-1 -Decahydronaphthanol 0.00 0.00 0.55 5.62 23.21 32.12 34.16 32.15 27.42 21.61 
c-2-Decahydronaphthanone 0.00 0.00 0.66 5.75 18.17 27.29 36.37 39.77 43.79 41.79 
[3,4,6,7,8,9]-Hexahydro-2-naphthalenone 0.00 0.00 0.00 0.00 0.67 1.34 2.85 6.59 9.76 12.19 
[3,4,6,7,8,9]-Hexahydro-l-naphthalenone 0.00 0.00 0.00 0.00 0.00 0.63 1.07 1.79 4.44 7.22 
[4,5,6,7,8,9]-Hexahydro-2-naphthalenone 0.00 0.00 0.00 0.00 0.00 1.86 3.52 6.11 9.59 10.71 
Decahydronaphthalene-1,10-diol 0.00 0.00 0.00 0.00 4.55 14.86 18.45 18.67 16.76 14.20 
Octahydro-4-hydroxy-1 -naphthalenone 0.00 0.00 0.00 0.00 0.00 2.71 4.42 5.40 6.05 5.64 
Octahydro-4-hydroxy-2-naphthalenone 0.00 0.00 0.00 0.00 0.00 2.29 5.79 8.37 12.61 12.95 
Octahydro-4-hydroxy-2-naphthalenone 0.00 0.00 0.00 0.00 0.82 2.36 6.09 8.19 9.42 8.64 
f-4-Decahydronaphthalyl hydroperoxide 0.00 0.00 33.60 168.32 181.87 164.05 118.04 82.25 48.40 11.29 
c-4-Decahydronaphthalyl hydroperoxide 0.00 0.00 13.65 70.91 76.93 66.14 48.76 35.78 18.45 7.94 
/-2-Decahydronaphthalyl hydroperoxide 0.00 0.00 20.09 95.90 96.66 95.64 81.60 59.95 33.18 10.77 
t-1 -Decahydronaphthalyl hydroperoxide 0.00 0.00 5.15 31.34 37.69 40.77 38.17 28.62 18.09 6.50 
c-2-Decahydronaphthalyl hydroperoxide 0.00 0.00 3.43 25.56 61.14 74.02 79.57 78.42 71.73 61.63 
c-1 -Decahydronaphthalyl hydroperoxide 0.00 0.00 1.81 14.81 27.40 25.93 19.07 14.27 4.51 0.00 
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T A B L E A17. Concentration of oxidation products formed during the autoxidation of c-decahn (mM). 
Oxidation Product Time (h) 0.00 0.50 L 1.08 1.92 2.92 3.58 4.07 5.03 6.25 
?-4-Decahydronaphthanol 0.00 0.59 72.26 529.84 878.14 997.50 1495.35 1054.91 1020.71 
c-4-Decahydronaphthanol 0.00 0.00 35.02 233.45 394.41 455.76 687.60 484.78 468.19 
t-1 -Decahydronaphthanol 0.00 0.00 13.18 60.92 94.89 106.34 141.62 99.48 88.75 
1-Decahydronaphthanone 0.00 0.00 1.74 11.78 34.30 49.49 88.99 62.69 63.27 
r-2-Decahydronaphthanone 0.00 0.00 0.00 1.54 4.49 7.92 13.49 10.09 10.33 
c-1 -Decahydronaphthanone 0.00 0.00 13.00 24.49 24.79 27.53 37.05 24.77 21.83 
?-2-Decahydronaphthanol 0.00 0.00 12.00 52.97 69.13 75.55 96.30 64.47 56.40 
c-2-Decahydronaphthanol 0.00 0.00 12.22 48.58 60.07 62.98 77.40 50.32 42.83 
c-1-Decahydronaphthanol 0.00 0.00 15.58 69.91 91.46 95.02 119.24 72.57 58.70 
c-2-Decahydronaphthanone 0.00 0.00 17.39 45.63 65.97 78.07 113.71 86.29 83.56 
?-4-Decahydronaphthalyl hydroperoxide 0.00 -0.59 213.31 271.40 181.10 
ND* 
54.15 60.51 
c-4-Decahydronaphthalyl hydroperoxide 0.00 0.00 86.93 118.95 82.41 24.65 31.37 
/-2-Decahydronaphthalyl hydroperoxide 0.00 0.00 -5.93 7.16 38.47 56.39 62.30 
t-1 -Decahydronaphthalyl hydroperoxide 0.00 0.00 39.12 48.74 34.18 8.26 6.05 
c-2-Decahydronaphthalyl hydroperoxide 0.00 0.00 33.75 72.84 89.90 90.09 91.72 
c-1 -Decahydronaphthalyl hydroperoxide 0.00 0.00 20.69 29.05 21.80 4.22 1.78 
*ND; Not determined due to chromatographic error. 
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T A B L E A18. Concentration of oxidation products fo rmed during the autoxidation of f-decalin (mM). 
Oxidation Product Time (h) 0.00 0.50 1.08 1.92 2.92 3.58 4.07 5.03 6.25 
f-4-Decahydronaphthanol 0.00 0.00 2.02 25.29 273.15 393.08 421.97 422.53 399.03 
c-4-Decahydronaphthanol 0.00 0.00 0.55 6.26 92.52 138.90 147.88 153.90 139.04 
t-1 -Decahydronaphthanol 0.00 0.00 2.83 27.88 249.78 290.28 236.80 223.15 189.04 
t-1 -Decahydronaphthanone 0.00 0.00 2.78 20.36 183.15 239.46 225.27 218.27 195.51 
f-2-Decahydronaphthanone 0.00 0.00 1.76 9.24 93.94 148.02 162.98 164.37 155.15 
c-1 -Decahydronaphthanone 0.00 0.00 0.00 0.00 3.48 10.81 15.63 18.45 17.64 
f-2-Decahydronaphthanol 0.00 0.00 0.00 0.30 5.98 10.22 7.78 9.51 7.51 
c-2-Decahydronaphthanol 0.00 0.00 0.00 0.00 1.43 2.19 0.00 1.35 1.10 
c-1 -Decahydronaphthanol -i-c-2-Decahydronaphthanone 0.00 0.00 0.00 0.32 4.16 6.83 10.20 12.14 10.85 
/-4-Decahydronaphthalyl hydroperoxide 0.00 0.00 20.49 105.65 131.38 
ND* 
16.50 17.56 25.02 
c-4-Decahydronaphthalyl hydroperoxide 0.00 0.00 8.48 44.62 61.19 4.98 0.71 8.12 
r-2-Decahydronaphthalyl hydroperoxide 0.00 0.00 6.41 37.61 0.00 0.00 0.00 0.00 
/- 1-Decahydronaphthalyl hydroperoxide 0.00 0.00 23.23 126.42 164.16 175.37 173.25 178.86 
c-2-Decahydronaphthalyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
c-1 -Decahydronaphthalyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
*ND; Not determined due to chromatographic error. 
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TABLE A19. Concentration of oxidation products formed during the autoxidation of n-butylbenzene (mM). 
Oxidation Product Time (h) 
0.00 0.83 1.50 2.25 3.08 3.75 4.42 5.17 6.00 
Benzaldehyde 0.00 0.00 6.04 2213 44J8 6L32 64.49 96.81 9%64 
Benzoic acid 0.00 0.00 0.00 0.00 2 J ^ 2.67 237 3J0 2.74 
1 -Phenyl-2-butanol 0.00 0.00 0.00 0.00 1.21 2.77 4.54 4.98 6.19 
1 -Phenyl-1 -butanol 0.00 0.00 6.16 16.54 27^9 36.62 38.11 55.73 73.31 
1 -Phenyl-1 -butanone 0.00 3J0 23^9 93.36 172.39 248.30 172.28 246.20 243.02 
1 -Phenyl-4-butanol 0.00 0.00 0.00 0.00 0.00 0.00 1.41 2.41 4.68 
1-Phenyl-2-butyl hydroperoxide 0.00 0.00 0.00 0.00 4.84 10.99 15.17 2288 2536 
1-Phenyl-1-butyl hydroperoxide 0.00 332 4L89 121.88 256.67 366.24 412.15 510.37 550.98 
l-Phenyl-4-butyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 2.19 4.70 12.69 1&29 
CIO Ketones (x2) 0.00 0.00 0.00 0.51 1.07 2.16 2 j # 6.23 8^8 
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TABLE A20. Concentration of oxidation products formed during the autoxidation of i'-butylbenzene (mM). 
Oxidation Product Time (h) 
0.00 0.83 1.50 2.25 3.08 3.75 4.42 5.17 6.00 
Benzaldehyde 0.00 0.00 0.00 0.00 0.00 0.00 6.31 18.07 39^8 
Acetophenone 143.92 249.56 505.69 885.29 1350.44 1646.59 2000.89 2262.16 2749.08 
Propiophenone &39 5.21 10.07 1Z24 9.27 7.05 5.60 8.29 
Benzoic acid 0.00 0.00 0.00 0.00 1.97 2.17 3.75 5.27 6.67 
2-Phenyl-3-butanone 3.43 &70 21.80 43.23 6442 7627 95J8 112.84 142.06 
2-Phenyl-2-butanol 91.65 104.66 148.11 234.51 35&25 434.33 530.14 591.75 651.37 
2-Phenyl-3-butanol 0.00 0.00 3.90 9^0 11.15 8.97 13j& 9.67 10.43 
2-Phenyl-2-butyl hydroperoxide 628.75 8&&32 960.60 952.63 927.48 935.78 947.87 986.28 798.28 
2-Phenyl-3-butyl hydroperoxide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.74 0.04 
258 
Appendix 
T A B L E A21. Concentration of oxidation products formed during the autoxidation of phenyldecane (mM). 
Oxidation Product Time (h) 
0.00 0.67 1.42 2.00 2.58 3.17 3.92 4.67 5.17 6.00 
Nonane 0.00 0.00 0.00 0.64 1.07 1.04 1.53 2.29 2.57 5.00 
Pentanoic acid 0.00 1.50 2.77 3.11 3.31 6.36 9.42 19.24 21.03 13.21 
Benzaldehyde 0.00 0.00 0.00 5.72 8.38 19.20 32.97 48.28 63.64 64.70 
Decane 0.00 0.00 0.00 4.91 7.02 9.35 18.44 30.54 34.82 37.74 
Acetophenone 0.00 0.00 0.00 1.77 2.70 5.08 9.12 19.28 20.80 26.59 
2-Nonanone 0.00 0.00 1.58 3.57 5.93 8.98 15.26 24.70 26.03 27.13 
Nonanal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.17 
Benzoic acid 0.00 0.00 0.00 0.00 0.72 1.70 3.50 10.77 16.20 18.93 
Nonanoic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.15 2.50 6.45 
Decanoic acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.21 1.28 
4-Phenylbutyric acid 0.00 0.00 0.00 0.00 0.00 0.81 1.51 2.55 2.52 2.73 
6-Phenyl-2-hexanone 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.88 0.95 
Octylbenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.54 
Dihydro-5-phenyl-2(3H)-furanone 0.00 0.00 0.00 0.00 0.86 1.60 2.67 3.79 3.97 3.91 
5-Phenylvaleric acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.79 2.33 
7-Phenyl-2-heptanone 0.00 0.00 0.00 0.00 0.62 0.97 1.89 2.64 2.77 2.73 
1 -Phenyl-1 -decanol 0.00 4.12 7.13 10.18 9.76 19.91 31.80 58.40 69.69 62.43 
1 -Phenyl-1 -decanone 0.00 6.90 21.09 31.53 24.92 51.49 81.97 149.22 200.65 221.28 
1-Phenyl-1-decyl hydroperoxide 0.00 0.00 0.00 26.44 97.70 126.37 179.04 177.18 169.47 139.81 
Diketone 0.00 0.00 0.00 1.69 2.99 5.11 8.68 15.23 16.56 19.41 
CI6 Ketones 0.00 0.00 2.98 9.54 8.68 47.77 53.89 51.35 60.54 48.99 
CI6 Alcohols 0.00 0.00 1.27 1.41 3.57 15.90 25.11 48.24 60.01 49.34 
C16 Hydroperoxides 0.00 0.00 -1.27 4.53 19.19 16.50 29.39 16.78 14.82 31.01 
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TABLE A22. Concentration of oxidation products formed during the autoxidation of phenylcyclohexane (mM). 
Oxidation Product Time (h) 
0.00 0.50 1.25 1.92 2.58 3.08 3.75 4.58 5.17 6.00 
Pentanoic acid 0.00 0.00 0.00 9.59 27.86 46.02 68.14 79.77 77.82 85.88 
Benzaldehyde 0.00 0.00 0.00 1.05 2.29 3.68 6.84 10.99 13.40 19.01 
Acetophenone 0.00 0.00 0.00 0.43 1.04 1.83 2.99 3.79 4.28 5.16 
Benzoic acid 0.00 0.00 0.00 0.99 31.87 70.03 111.78 131.68 142.84 157.53 
1 -Phenylhexanone 0.00 0.00 20.18 138.60 231.54 278.71 326.85 355.49 359.18 371.48 
1 -Phenylcyclohexanol 0.00 0.00 37.25 205.48 340.60 420.48 509.76 567.94 584.75 618.57 
3-Phenylcyclohexanone 0.00 0.00 9.87 13.75 18.68 23.44 29.14 31.97 34.48 36.58 
4-Phenylcyclohexanone 0.00 0.00 28.80 60.70 77.42 87.87 97.86 100.71 101.35 98.59 
1 -Phenyl-1,2-cyclohexandiol 0.00 0.00 0.00 17.09 19.41 16.75 20.69 20.17 23.50 26.46 
1-Phenylcyclohexyl hydroperoxide 0.00 0.00 266.42 244.10 184.20 175.76 122.27 125.75 91.10 43.20 
C12 Alcohols 0.00 0.00 11.27 24.13 26.83 22.97 20.15 18.20 16.97 14.43 
CI2 Ketones 0.00 0.00 7.29 7.67 6.68 7.07 8.50 9.44 9.43 11.46 
CI 2 Hydroperoxides 0.00 0.00 0.00 11.77 9.32 7.16 3.61 4.06 0.00 0.00 
C12 Disubstituted Products 0.00 0.00 13.13 41.14 42.63 60.05 79.33 70.78 81.94 87.62 
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Table A23. Mass spectral intensities for each identified oxidation product. 
Corresponding 
HC(s) Oxidation product MS (EI^) m/z (relative intensity) 
DHN 
[3,4,6,7,8,9]-Hexahydro-l-
naphthalenone 
122 (100), 79 (81), 150 (75), 94 (36), 135 
(29), 77 (26), 91 (23), 93 (23), 107 (19) 
DHN 
[3,4,6,7,8,9]-Hexahydro-2-
naphthalenone 
122 (100), 43 (54), 130 (48), 94 (38), 79 
(26), 84 (20), 108 (18), 49 (17) 
DHN 
[4,5,6,7,8,9]-Hexahydro-2-
naphthalenone 
122 (100), 150 (51), 94 (32), 79 (19), 108 
(16), 121 (93), 107 (91) 
iBuCy 1 -Butylcyclohexanol 
99 (100), 81 (66), 41 (31), 43 (27), 55 (26), 
113(25), 57 (24), 67 (24) 
/BuCy 
l-Cyclohexyl-2-
methylpropan-1 -one 
83(100), 55 (33), 111 (28), 43 (26), 41 (25) 
®uCy 
l-CycIohexyl-2-
methylpropan-2-ol 
59 (100), 55 (24), 41 (16), 83 (17) 
nHeptCy 1 -Cyclohexyl-2-propanone 
59 (100), 58 (72), 43 (60), 55 (42), 67 (37), 
82 (19), 41 (18) 
nBuCy 1 -Cyclohexylbutanone 
83 (100), 55 (75), 43 (45), 41 (42), 71 (38), 
111 (22) 
Decane 1-Decanol 
55 (100), 43 (98), 56 (90), 70 (89), 41 (77), 
69 (72), 83 (54), 57 (46), 84 (39), 42 (37) 
nHeptCy 1 -Heptylcyclohexanol 
99 (100), 81 (33), 43 (30), 55 (24), 57 (20), 
41 (18), 154(15), 84(15) 
/BuCy 1 -/-Butylcyclohexanol 
99 (100), 81 (33), 113 (35), 43 (29), 57 
(24), 53 (16), 100 (15) 
PhCy 1 -Phenyl-1,2-cyclohexandiol 
133 (100), 105 (64), 192 (58), 120 (45), 55 
(36), 107 (35), 77 (34), 91 (24), 70 (21), 78 
(17) 
nBuPh 1-Phenyl-1-butanol 107 (100), 79 (46), 77 (24) 
nBuPh 1 -Phenyl-1 -butanone 105 (100), 77 (48), 148 (15), 51 (15) 
PhDec 1 -Phenyl-1 -decanol 107 (100), 79 (32) 
PhDec 1 -Phenyl-1 -decanone 120 (100), 105 (87), 77 (34) 
nBuPh 1 -Phenyl-2-butanol 92 (100), 91 (39), 59 (19), 31 (16) 
nBuPh l-Phenyl-4-butanol 104(100), 91 (81), 117(24), 150(19) 
PhCy 1 -Phenylcyclohexanol 
133 (100), 55 (47), 105 (43), 77 (36), 134 
(36), 120 (31), 158 (29), 176 (29), 129 (28), 
115(25) 
PhCy 1 -Phenylhexanone 106(100), 120 (71), 77 (37) 
?BuCy 1 -f-Butylcyclohexanol 
99 (100), 81 (66), 41 (31), 43 (27), 55 (26), 
113(25), 57 (24), 67 (24) 
DHN 
2-(3-Oxobutyl)-
cyclohexanone 
43 (100), 111 (85), 98 (79), 55 (68), 83 
(37), 97 (32), 168 (29), 41 (28), 58 (27), 70 
(21) 
Sq 
2,6,10,15,19-
Pentamethyldocosane 
57 (100), 43(71), 71 (69), 85 (58), 55 (38), 
84 (34), 99 (25), 70 (24), 41 (20), 113(18), 
141 (18) 
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Corresponding 
HC(s) Oxidation product MS (EI^) m/z (relative intensity) 
Sq 
2,6,10,15-
Tetramethyleicosane 
57 (100), 43 (70), 71 (68), 85 (52), 84 (36), 
55 (36), 70 (31), 49 (28), 56 (26), 99 (22) 
Sq 
2,6,10,15-
Tetramethyloctadecane 
57 (100), 71 (99), 85 (76), 99 (31), 113 
(31), 155 (28), 84 (23), 56 (21), 55 (21), 
183 (19) 
Sq 2,6,10-Trimethylhexadecane 
57 (100) 1, 71 (78), 43 (50), 85 (27), 112 
(24), 183 (21), 41 (20), 56 (18), 55 (18), 
113(18) 
Sq 
2,6,10-
Trimethylpentadecane 
57 (100), 71 (78), 43 (50), 85 (27), 112 
(24), 183 (21), 41 (20). 56 (18), 55 (18), 
113(18) 
Sq 2,6,10-Trimethylundecane 
57 (100), 43 (71), 71 (55), 41 (32), 98 (23), 
55 (21), 84(18), 113(15), 86(15) 
Sq 2,6-Dimethylnonane 43 (100), 57 (78), 71 (73), 41 (25), 70 (24) 
nBuCy 2-ButyIcyclohexanol 
82 (100), 57 (60), 41 (57), 55 (50), 67 (50), 
138 (49), 96 (47), 81 (41), 95 (37), 68 (37) 
nBuCy 2-Butylcyclohexanone 98 (100), 55 (32), 83 (26), 41 (24), 70 (18), 
CyCy 2-CyclohexylcyclohexanoI 
82 (100), 67 (82), 55 (63), 81 (60), 83 (50), 
41 (47), 164 (34), 79 (33), 96 (26), 80 (20) 
CyCy 2-Cyclohexylcyclohexanone 98 (100), 41 (12), 70(12) 
Decane 2-Decanol 45 (100), 43 (22), 41 (21) 
Decane, Cetane 2-Decanone 
58 (100), 43 (84), 71 (37), 59 (27), 41 (27), 
57(19) 
Cetane 2-Dodecanone 58 (100), 43 (75), 59 (30), 71 (28), 41 (16) 
Decane, Cetane 2-Heptanone 43 (100), 58 (54) 
nHeptCy 2-Heptylcyclohexanone 
43 (100), 55 (94), 58 (56), 97 (40), 71 (39), 
41 (48), 84 (34), 50 (33), 70 (33), 115 (28) 
Decane, Cetane 2-Hexanone 43 (100), 58 (49), 57 (15) 
/BuCy 2-/-Butylcyclohexanol 
82 (100), 57 (60), 41 (57), 55 (50), 67 (50), 
138 (49), 96 (47), 81 (41), 95 (37), 68 (37) 
zBuCy 2-/-Butylcyclohexanone 98 (100), 55 (32), 83 (26), 41 (24), 70 (18) 
Decane, Cetane, 
PhDec 
2-Nonanone 
43 (100), 58 (91), 41 (29), 71 (22), 57 (22), 
59 (21) 
Decane, Cetane 2-Octanone 43 (100), 58 (85), 41 (20), 71 (18), 59 (16) 
Decane 2-Pentanone 43 (100), 86 (19) 
5BuPh 2-Phenyl-2-5-butanol 43 (100), 121 (47) 
jBuPh 2-Phenyl-3-5-butanol 91 (100), 106 (73), 105 (35), 77 (18), 45 (17), 79 (15) 
i'BuPh 2-Phenyl-3-j'-butanone 148 (100), 105 (98), 43 (98), 91 (70), 77 (19), 133 (18), 79 (16) 
fBuCy 2-?-Butylcyclohexanol 
57 (100), 82 (88), 67 (56), 81 (32), 41 (27), 
83 (21), 55(17), 80(16) 
fBuCy 2-f-Butylcyclohexanone 
98 (100), 57 (26), 83 (21), 55 (20), 69 (19), 
41 (19), 70(18) 
262 
Appendix 
Table A23. (Cont.) Mass spectral intensities for each identif ied oxidation product. 
Corresponding 
HC(s) Oxidation product MS (EI^) m/z (relative intensity) 
Cetane 2-Tetradecanone 58 (100), 43 (59), 59 (42), 71 (24), 41 (20) 
Cetane 2-Tridecanone 
58 (100), 43 (70), 59 (40), 71 (38), 41 (22), 
55 (16), 57 (16) 
Cetane 2-Undecanone 58 (100), 43 (56), 59 (31), 71 (26), 41 (16) 
nBuCy 3-Butylcyclohexanone 97 (100), 55 (34), 111 (25), 41 (22), 56 (15) 
CyCy 3-Cyclohexylcyclohexanol 
82 (100), 81 (62), 67 (56), 55 (54), 83 (52), 
164 (50), 41 (29), 57 (19), 80 (18), 97 (16) 
CyCy 3-Cyclohexylcyclohexanone 97 (100), 55 (46), 41 (30), 83 (20), 98 (19) 
Decane 3-Decanol 
59 (100), 69 (68), 55 (31), 41 (23), 43 (18), 
111 (15) 
Decane 3-Decanone 
72 (100), 57 (67), 43 (40), 29 (39), 155 
(35), 71 (28), 85 (27), 41 (25), 73 (23) 
/iHeptCy 3-Heptylcyclohexanone 97 (100), 55 (20), 41 (18) 
i'BuCy 3-/-Butylcyclohexanol 
95 (100), 81 (76), 82 (64), 57 (64), 55 (45), 
41 (34), 67 (31), 113 (31), 43 (30), 73 (30) 
iBuCy 3-i-Butylcyclohexanone 97 (100), 55 (34), 111 (25), 41 (22) 
PhCy 3-Phenylcyclohexanone 
117(100), 104(91), 131 (68), 174 (61), 91 
(47), 42 (41), 103 (39), 77 (36), 78 (36), 
118(29) 
/BuCy 3-r-Butylcyclohexanol 
57 (100), 82 (53), 41(42), 83 (39), 67 (39), 
67 (25), 99 ( 25), 99 (25), 55 (24), 56 (22), 
81(20) 
rBuCy 3-?-Butylcyclohexanone 97 (100), 55 (34), 111 (25), 41 (22), 56 (15) 
Pristane 4,7-Dimethyl-y-octalactone 
99 (100), 43 (40), 55 (30), 69 (30), 41 (23), 
57 (22), 83 (20), 72(18), 56(18) 
Sq 
4,8,12-Trimethyltridecan-y-
lactone 
99(100), 43(19), 114(15) 
Sq 
4,8,13,17,21-
Pentamethyldocosan-y-
lactone 
99 (100), 43 (59), 57 (47), 69 (45), 55 (32), 
71 (30), 83 (29), 70 (25), 97 (22), 126 (22) 
Sq 
4,8-Dimethylnonan-y-
lactone 
99 (100), 43 (18) 
Sq 
4,9,13,17-
Tetramethyloctadecan-y-
lactone 
99 (100), 43 (44), 57 (29), 69 (27), 55 (25), 
71 (24), 114 (25), 70 (21), 83 (20), 126 (19) 
nBuCy 4-ButyIcyclohexanone 
55 (100), 57 (71), 41 (62), 83 (55), 97 (38), 
43 (32), 56 (31), 70 (29) 
«BuCy 4-Cyclohexylbutan-2-oI 
45 (100), 96 (74), 81 (59), 55 (58), 82 (57), 
83 (50), 67 (45), 41 (31) 
CyCy 4-CyclohexyIcycIohexanol 
82 (100), 164 (86), 81 (84), 83 (61), 55 
(58), 67 (55), 41 (32), 80 (32), 96 (18), 54 
(17) 
CyCy 4-Cyclohexylcyclohexanone 
83 (100), 151 (87), 55 (65), 125 (63), 98 
(58), 180 (53), 41 (50), 81 (45), 69 (36), 67 
(34) 
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Table A23. 
Corresponding 
HC(s) Oxidation product MS (Er) m/z (relative intensity) 
CyCy 4-Cyclohexylcyclohexanone 
83 (100), 151 (87), 55 (65), 125 (63), 98 
(58), 180 (53), 41 (50), 81 (45), 69 (36), 67 
(34) 
Decane 4-Decanol 55 (100), 73 (43), 97 (31), 43 (30), 41 (17) 
Decane 4-Decanone 
43 (100), 71 (47), 58 (41), 41 (36), 113 
(35), 86 (28), 85 (17), 57 (13) 
nHeptCy 4-Heptylcyclohexanone 
43 (100), 55 (93), (41 (78), 97 (68), 70 (62), 
57 (48). 83 (44), (126 (35), 69 (34), 84 (30) 
/BuCy 4-/-Butylcyclohexanone 
55 (100), 57 (71), 41 (62), 83 (55), 97 (38), 
43 (32), 56 (31), 70 (29) 
Pristane, Sq 4-Methylpentan-y-lactone 
55 (100), 43 (51), 42 (47), 56 (45). 70 (40), 
41 (37), 99 (33), 59 (26), 71 (15) 
PhDec 4-Phenylbutyric acid 104 (100), 91 (55), 105 (40), 164 (20) 
PhCy 4-Phenylcyclohexanone 
104(100), 174 (92), 91 (71), 119(66), 117 
(62). 118 (23), 115 (20), 57 (20), 145 (16), 
130(14) 
?BuCy 4-?-Butylcyclohexanol 
57 (100), 81 (38), 56 (36), 67 (30). 41 (28), 
82 (26), 83 (21). 80 (16), 55 (15) 
fBuCy 4-?-Butylcyclohexanone 
57 (100), 98 (77), 41 (28), 83 (18), 154 
(17), 55 (15) 
Decane 5-Decanol 
69 (100), 83 (81), 87 (65), 55 (64), 41 (43), 
101 (36). 43 (20) 
nBuCy, Decane 5-Decanone 
43 (100), 58 (97), 57 (87), 41 (65), 71 (63), 
85 (62), 99 (50), 55 (23) 
PhDec 5-Phenylvaleric acid 
91 (100), 104 (22), 92 (20). 160 (17), 178 
(16) 
Pristane, Sq 
6,10-Dimethyl-2-
undecanone 
58 (100), 43 (98), 71 (30), 41 (28), 59 (23), 
55 (21). 57 (21). 85 (16) 
Sq 
6,11,15,19-Tetramethyl-2-
eicosanone 
43 (100). 58 (77). 57 (70). 71 (69), 59 (59), 
55 (49), 85 (40), 69 (46), 41 (29), 109 (29) 
Sq 6-Methyl-2-heptanone 43(100), 58 (67) 
Pristane 6-Methylheptan-2-one 43 (100), 58 (67) 
PhDec 6-Phenyl-2-hexanone 
43 (100), 91 (78), 118 (64), 117 (56), 71 
(28). 58 (24). 28 (23), 176 (23), 92 (20), 85 
(19) 
Sq 
7,11,15-Trimethyl-2-
hexadecanone 
43 (100), 58 (76), 71 (57), 57 (50), 59 (50), 
55 (37), 41 (32), 69 (27), 109 (23), 83 (19) 
PhDec 7-Phenyl-2-heptanone 
91 (100), 43 (64), 130 (33), 71 (33), 172 
(28). 92 (17) 
jBuPh, PhCy, 
PhDec 
Acetophenone 
105 (100), 77 (86), 51 (37), 120 (30), 43 
(17), 50(16) 
nBuPh, PhCy, 
PhDec, ^BuPh 
Benzaldehyde 
77 (100), 106 (94), 105 (94), 51 (38), 50 
(18) 
wBuPh, PhCy, 
PhDec, 5BuPh 
Benzoic acid 
105 (100), 122 (95), 77 (87), 51 (58). 50 
(31), 106(15) 
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Table A23. (Cont.) Mass spectral intensities for each identified oxidation product. 
Corresponding 
HC(s) Oxidation product MS (EI^) m/z (relative intensity) 
«BuCy, Decane, 
Cetane, nHeptCy 
Butyric acid 60(100), 73 (32), 41 (16) 
DHN c-1 -Decahydronaphthanol 
136 (100), 67 (610, 94 (59), 95 (46), 79 
(45), 41 (37), 121 (36), 81 (36), 107 (34), 
93 (33) 
DHN 
c-1 -Decahydronaphthanone 
97 (100), 110 (52), 81 (44), 67 (42), 152 
(40), 41 (36), 109 (28), 55 (23), 68 (18) 
DHN c-2-Decahydronaphthanol 
136 (100), 95 (67), 79 (60), 94 (56), 67 
(56), 93 (43), 41 (35), 121 (35), 107 (35), 
91 (26) 
DHN 
c-2-Decahydronaphthanone 
55 (100), 108 (91), 152 (90), 81 (89), 41 
(66), 67 (65), 95 (49), 94 (45), 96 (40) 
DHN c-5-Decahydronaphthanol 
111 (100), 154 (49), 98 (41), 55 (41), 97 
(23), 83 (18) 
DHN Cyclohexanecarboxylic acid 
55 (100), 73 (75), 41 (57), 83 (54), 56 (41), 
68 (38)1, 128 (27), 69 (22), 99 (18) 
nBuCy, CyCy Cyclohexanol 57 (100), 82 (45), 44 (24), 67 (23), 41 (20) 
wBuCy, CyCy, 
nHeptCy, /BuCy, 
jBuCy 
Cyclohexanone 
55 (100), 42 (57), 98 (46), 41 (31), 69 (24), 
70 (19) 
«HeptCy Cyclohexylacetic acid 
60 (100), 83 (69), 82 (62), 55 (57), 61 (54), 
67 (38), 41 (35), 54 (18) 
CyCy Cyclohexylcyclohexan-1 -ol 
99 (100), 81 (43), 98 (21), 41 (18), 55 (17), 
43 (15) 
nHeptCy Cylcohexylbutanoic acid 
55 (100), 60 (81), 83 (61),41 (46), 111 
(34), 69 (31), 88 (27), 67 (24), 73 (23), 82 
(18) 
nHeptCy Cylcohexylcarboxylic acid 
55 (100), 73 (75), 41 (57), 83 (54), 56 (41), 
68 (38), 128 (27), 69 (22), 99 (18) 
DHN 
Decahydronaphthalene-1,10-
diol 
43 (100), 55 (58), 70 (49), 109 (38), 113 
(38), 84 (37), 152 (36), 81 (35), 49 (26), 
170 (26) 
Cetane Decanal 
43 (100), 41 (80), 57 (62), 55 (61), 44 (53), 
70 (47), 56 (42), 68 (34), 71 (33) 
Cetane, PhDec Decane 
43 (99), 57 (80), 41 (42), 71 (29), 85 (20), 
56 (17), 42 (16) 
Cetane, PhDec Decanoic acid 
60 (100), 73 (89), 41 (48), 43 (43), 57 (42), 
55 (35), 71 (33), 129 (33), 69(18) 
PhDec 
Dihydro-5-phenyl-2(3H)-
furanone 
162 (100), 107 (84), 56 (71), 105 (64), 77 
(43), 117 (42), 51 (30), 118 (27), 91 (21) 
Cetane Dodecanal 
55 (100), 43 (96), 69 (86), 56 (83), 70 (75), 
83 (74), 41 (73), 57 (68), 84 (48), 97 (46) 
Cetane Dodecane 
57 (100), 43 (77), 71 (51), 85 (30), 41 (23), 
56(134) 
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Table A23. (Cont.) Mass spectral intensities for each identified oxidation product. 
Corresponding 
HC(s) Oxidation product MS (EI )^ m/z (relative intensity) 
Cetane Dodecanoic acid 73 (100), 60 (98), 43 (69), 41 (56), 57 (55), 55 (46), 129 (32), 71 (32), 85 (29) 
Decane, Cetane Heptanal 44 (100), 70 (93), 43 (83), 41 (66), 55 (58), 42 (52), 57 (46), 71 (23) 
Decane, Cetane, 
nHeptCy Heptanoic acid 
60 (100), 73 (47), 43 (27), 41 (24), 87 (19), 
55 (15) 
Decane, Cetane Hexanal 44 (100), 56 (81), 41 (69), 43 (55), 57 (38), 45(19), 72(16) 
Decane, Cetane, 
wHeptCy Hexanoic acid 60 (100), 73 (44), 41 (19), 43 (15) 
Decane Cetane, 
PhDec Nonanal 
57 (100), 41 (89), 43 (87), 56 (79), 44 (71), 
55 (58), 70 (42), 98 (40), 69 (38) 
Decane Cetane, 
PhDec Nonane 
43 (100), 57 (76), 41 (30), 85 (25), 71 (22), 
56(17) 
Cetane, PhDec Nonanoic acid 60 (100), 73 (77), 57 (50), 41 (33), 55 (28), 43 (27), 115 (19), 129 (16), 69 (15) 
DHN Octahydro-4-hydroxy-2-
naphthalenone 
55 (100), 98 (81), 111 (70), 168 (51), 83 
(49), 97 (48), 70 (46), 53 (42), 67 (37), 79 
(36) 
DHN Octahydro-4-hydroxy-1 -
naphthalenone 
111 (100), 98 (77), 55 (63), 97 (55), 41 
(44), 83 (36), 124 (31), 168 (26), 43 (25), 
84 (24) 
Decane, Cetane Octanal 43 (100), 44 (80), 41 (67), 56 (65), 84 (55), 57 (51), 55 (50), 42 (40) 
Decane Octane 43 (100), 41 (43), 57 (33), 85 (26), 71 (20), 56(18), 42(15) 
Decane, Cetane, 
nHeptCy Octanoic acid 
60 (100), 73 (64), 43 (40), 41 (25), 55 (22), 
85 (22), 84 (19), 101 (18) 
PhDec Octylbenzene 91 (100), 92 (91), 190(25) 
Cetane Pentadecane 57 (100), 43 (73), 71 (61), 85 (37), 41 (26) 
nHeptCy, PhCy, 
PhDec 
Pentanoic acid 60 (100), 73 (37) 
nHeptCy Pentylcyclohexane 83 (100), 82 (63), 55 (60), 41 (25) 
i'BuPh Propiophenone 105 (100), 77 (58), 51 (21), 134 (16) 
DHN t-1 -Decahydronaphthanol 
136 (100), 67 (64), 41 (55), 94 (55), 81 
(46), 79 (46), 55 (46), 95 (45), 121 (34), 
107 (31) 
DHN t-1 -Decahydronaphthanone 
109 (100), 67 (92), 81 (72), 41 (64), 110 
(49), 55 (47), 152 (42), 97 (37), 54 (34) 
DHN f-2-Decahydronaphthanol 
136 (100), 95 (36), 94 (25), 55 (22), 67 
(20), 121 (19), 41 (17), 81 (17), 107 (15) 
DHN f-2-Decahydronaphthanone 
55 (100), 81 (85), 108 (84), 152 (61), 95 
(56), 41 (49), 67 (49), 94 (48), 96 (40), 97 
(39) 
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Table A23. (Cont.) Mass spectral intensities for each identified oxidation product 
Corresponding 
HC(s) Oxidation product MS (EI )^ m/z (relative intensity) 
DHN ?-5-Decahydronaphthanol 
111 (100), 55 (42), 98 (39), 41 (34), 154 
(31), 97 (22), 67 (18), 83(15) 
Cetane Tetradeane 57 (100), 43 (74), 71 (64), 85 (42), 41 (26) 
Cetane Tetradecanoic acid 
73 (100), 60 (95), 43 (86), 41 (72), 57 (72), 
55 (56), 228 (44), 129 (43), 71 (37) 
Cetane Tridecanal 
57 (100), 43 (93) 1, 41 (73), 82 (70), 55 
(66), 68 (44), 69 (38), 44 (36), 71 (34) 
Cetane Tridecane 57 (100), 43 (91), 71 (50), 41 (34), 85 (24) 
Cetane Tridecanoic acid 
73 (100), 60 (96), 43 (80), 41 (57), 57 (56), 
55 (42), 71 (28), 129 (25), 69 (23) 
Cetane Undecanal 
41 (100), 43 (90), 57 (69), 55 (65), 82 (46), 
56 (41), 44 (40), 67 (34) 
Cetane Undecane 
57 (100), 43 (89), 71 (46), 41 (27), 85 (27), 
56(15) 
Cetane Undecanoic acid 
60 (100), 73 (97), 43 (51), 41 (39), 57 (36), 
55 (35), 71 (35), 129 (24), 85 (22) 
Decane Valeraldehyde 44 (100), 58 (48), 41 (30), 57 (30), 43 (25) 
Decane, Cetane Valeric acid 60 (100), 73 (37) 
Decane y-Butyrolactone 42 (100), 41 (61), 86 (25), 56 (22), 40 (15) 
Decane, Cetane y-Caprolactone 
42 (100), 55 (96), 41 (49), 84 (44), 56 (30), 
70 (21), 114(20) 
Cetane y-Decalactone 86(100), 99 (41), 55 (19), 41 (16) 
Decane, Cetane y-Heptalactone 85 (100), 56 (20) 
Cetane y-Nonalactone 85 (100) 
Decane, Cetane y-Octalactone 
86 (100), 41 (69), 55 (57), 42 (32), 43 (26), 
56 (24), 73 (20), 99 (19), 69 (15) 
Cetane y-Tridecalactone 85 (100), 43(10), 55 (19), 41 (18) 
Cetane y-Undecalactone 85 (100) 
Decane, Cetane y-Valerolactone 56 (100), 41 (70), 85 (69), 43 (47), 57 (15) 
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Figure A 1 IR Spectrum of Etro 4 + 20 % (v/v) hexadecane after oxidation by TOST. 
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Figure A 2 IR Spectrum of Etro 4 + 20 % (v/v) squalane after oxidation by TOST. 
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Figure A3 IR Spectrum of Etro 4 + 20 % (v/v) decahydronaphthalene after oxidation by TOST. 
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Figure A4 IR Spectrum of Visom 4 + 20 % (v/v) hexadecane after oxidation by TOST. 
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Figure A5 IR Spectrum of Visom 4 + 20 % (v/v) squalane after oxidation by TEOST. 
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Figure A6 IR Spectrum of Visom 4 + 20 % (v/v) decahydronaphthalene after oxidation by TOST. 
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Figure A7 IR Spectrum of Etro 4 after oxidation by TOST. 
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Figure A8 IR Spectrum of Visom 4 after oxidation by TOST 
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